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ABSTRACT
Esters o f N-hydroxypyridine-2-thione, known as Barton esters,
dissociate homoiytically upon exposure to heat or light generating chain
initiating acyloxy radicals and pyridine sulfide radicals that lead to 2,2’dipyridy! disulfide. The dominant mode o f Barton ester consumption is
chain transfer, yielding pyridinesulfide end groups and acyloxy radicals.
Thermolysis (80°C) or photolysis (25°C) o f Barton esters initiated
polymerization of styrene. The polymerization rate was found to be
independent o f Barton ester concentration. Chain transfer to initiator
controls molecular weight; the chain transfer constants for phenyl Barton
ester in styrene and acrylamide are 0.96 and 0.08 respectively. Polymer
end-groups were identified as an ester group and a pyridinesulfide group,
which was quatemized with iodomethane (88% yield).
Incorporation of Barton esters into the side groups of polymer
chains facilitated the synthesis of graft copolymers; the asymmetric
dissociation of the initiating moiety limits concomitant homopolymerization
to under 8%. Grafting to Barton esterified poly(methacylate) backbones
was accompanied by chain cleavage. Introduction o f a phenyl linkage via
poly(4-vinyl benzoate) eliminated this side reaction. Poly(arylene ether
sulfone) elaborated by carboxylation (0.15 to 1.0 carboxyl groups per
repeat unit) was Barton esterified in 95% yield, and styrene was grafted
using photolytic conditions. Intramolecular chain transfer limited graft
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length from 10 to a maximum of 180 repeat units. Grafting o f styrene to
Barton esterified carboxymethyl cellulose was accompanied by backbone
chain cleavage. Elaboration of hydroxypropyl cellulose with 1-oxa-2-oxo3-thiaindolizinium chloride yielded a polymeric initiator on a stable
cellulosic backbone. Graft copolymers to each o f the polymeric initiators
were formed from the following monomers: styrene, methyl methacrylate,
4-vinylpyridine, and acrylamide.
Homolytic cleavage of phenyl Barton ester in the presence of
styrene and the tetramethylpiperidinyloxy (TEMPO) radical yields a
TEMPO adduct (23%), which effects controlled radical polymerization of
styrene. Extension of this synthesis to Barton esterified polymers yields
substrates, which allow controlled graft copolymerization. The resultant
ester linkage between backbone and graft allows the selective removal of
the grafts for independent analysis. Depending upon polymerization
times, grafts of polystyrene to both poly(arylene ether sulfone) and
hydroxypropyl cellulose with number average molecular weights ranging
from 28,000 to 89,000 can be achieved.

X
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CHAPTER 1 LITERATURE REVIEW
1.1. Polymer Architecture
Polymer properties are directly related to the structure o f the
macromolecule; therefore, the various architectural characteristics o f polymers
impact the physical characteristics. Homopolymers are prepared by
polyaddition of single monomers. If two or more monomers are employed in
the polymerization, the product is a copolymer. The monomers in a
copolymer are arranged in one o f three distributions. Most commonly, the
monomer types are distributed in no particular order, and the product is known
as a random copolymer. If the two monomer types alternate ABAB, the
product is an alternating copolymer. The third arrangement is where strings of
each monomer appear in a row, and these products are known as block
copolymers.
Polymers are not necessarily linear macromolecules. If the monomers
are connected in unbranched single chains, this is called linear polymer and it
is the most common type of polym er however, different types of branched
(non-linear) polymers exist. The polymers where each branch has additional
branches is known as a dendrimer or cascade polymer. Highly branched, but
not regularly branched like the dendrimer, polymers are known as
hyperbranched. Star polymers have three or more chains branching from a
central structural unit. If a single polymer chain has regular branches, this is
called a graft or comb polymer. When a polymer made up o f one type of

1
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monomer unit is branching from a polymer chain made from a second type o f
monomer unit, this is called a graft copolymer. On graft copolymers, th e
branches are known as grafts and the polymer from which the grafts extend is
known as the backbone. The nomenclature o f graft copolymers lists the
backbone polymer first, followed by “-graft-,” then the graft polymer; e.g.
polystyrene-gra#-poiy(methyl methacrylate). Drawings of the various polym er
architectures are shown in Figure 1.1.
AAAAAAAAAA

ABABABABAB

AAAAABBBBB

(Homopolymer)

(Alternating Copolymer)

(Block Copolymer)

(Dendrimer)

(Star Polymer)

(Graft Polymer)

Figure 1.1. Polymer architectures
1.2. Polymerization Mechanisms
Methods for polymer synthesis fall into two main classifications: step
growth (condensation) and chain growth (addition) polymerization. Two
approaches can be used to prepare step growth polymers, one involving
monomers with both reactive functional groups, A-B monomers; and the other
involving two different difunctional monomers, A-A and B-B. The reaction o f

2
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the different functional groups A and B links the monomers together to form
polymer by gradually increasing the equilibrium molecular weight o f the
mixture until polymers with sufficiently high molecular weights to yield useful
mechanical properties are produced.
Chain growth polymerization involves formation of a reactive species
(initiation) and the repeated reaction of this species with monomer
(propagation). The chain reaction continues until a termination reaction kills
the reactive species; polymers with adequate molecular weight must be
formed before the termination step. Normally, after termination, the reaction
can no longer proceed; however, if all monomer is consumed, and termination
has not occurred or is reversible, polymerization will continue if more
monomer is added. This is called a “living” polymerization. Three reactive
species can be used to promote chain growth polymerizations: radicals,
anions, and cations. In each case the reactive species can add to the double
bond o f a vinyl monomer to continue the chain reaction. In ionic reactions,
anions are more commonly used than cations, because few termination
processes occur. An anionic polymerization is a living polymerization if care is
taken to exclude impurities. Cationic polymerizations are accompanied by
unwanted side reactions that lead to either chain transfer or premature
termination. Radical reactions are the most commonly used because they are
the m ost tolerant of impurities such as water and oxygen, and are compatible
with a wide range of functional monomers.

3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1.3. Graft Copolymers
Graft copolymers have applications as toughened materials, blend
compatibilizers and coatings because the combination o f monomers along
with its architecture give the polymer unique characteristics.1 Graft
copolymers are used in rubber-toughened plastics such as high-impact
polystyrene and polyacrylonitrile-butadiene-styrene rubber,2
coatings/adhesives additives o f acrylics grafted with poly(ethylene glycol) as
polymeric surfactants,3 and membranes such as cellulose acetate-gra/fpolystyrene for desalination.4 Polysulfone-g/aft-polydimethylsiloxane from the
coupling of siiane-terminated polydimethylsiloxane and vinyl-modified
poly(arylene ether sulfone) for gas and liquid phase separations,5 and
poly(alky! sulfone)-graft-polydimethylsiloxane via the copoiymerization of
alkenes, sulfur dioxide, and vinyl terminated polydimethylsiloxane as gamma
ray sensitive photoresists6*7 are additional applications of graft copolymers.
Daly and Lee8-9 have grafted polypeptides to cellulose and polysulfone
derivatives for potential use in chiral separations and reverse osmosis
applications.
The syntheses of graft copolymers can be classified as “grafting onto,”
“grafting through," “grafting from," and macromonomer copolymerization.
The grafting through approach typically involves polymerizing vinyl
monomer(s) by a chain reaction in the presence of an unsaturated polymer

4
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backbone such as the polymerization of styrene in the presence of
polybutadiene to provide styrene-butadiene rubber. Unsaturation is typically
incorporated into the backbone by the copolymerization o f dienes in the
backbone polymerization. Upon addition of styrene-butadiene rubber to a
styrene polymerization, the monomer can copolymerize with the double bond
units of the backbone producing a styrene-butadiene graft copolymer in a
polystyrene matrix. High-impact polystyrene, where polybutadiene is added to
a styrene polymerization to give some graft copolym er and acrylonitrilebutadiene-styrene rubber, where polybutadiene is added to the polymerization
of styrene and acrylonitrile monomers resulting in grafts that are copolymers
of styrene and acrylonitrile are further examples utilizing this technique.
Functionalized polymer end-groups, typically from anionic
polymerizations, can be attached onto a polymer chain, forming graft
copolymer. The attaching of the pre-formed graft to the backbone is known as
grafting onto. Backbone polymer must have a functional group compatible
with the graft end-group for coupling the graft to the backbone. Po!y(arylene
ether sulfone) that had been modified to contain silyl vinyl groups was coupled
with silane terminated polydimethylsiloxane by platinum catalyzed
hydrosilation to give poly(aryl ether sulfone)-gra/?-polydimethylsiloxane.10
Additionally, cellulose acetate has been reacted with polystyrene containing
living anionic end-groups to release the acetate anion and produce cellulosegraft-polystyrene11as shown in Scheme 1.1.

5
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The macromonomer copolymerization method involves the formation of
grafts w ith a polymerizable end group (e.g. vinyl group) known as
macromonomers and subsequent copolymerization o f the macromonomer
with another monomer. For exam ple anionic polymerizations can be
terminated at the reactive end w ith a vinyl derivative like acrytoy! chloride to
provide a terminal double bond. Macromers (large monomers) are added to
monomer

HO

OH

HO

OH

Scheme 1.1. Grafting of polystyrene to cellulose acetate11
and copolymerized to produce graft copolymer. This particular approach has
been used to prepare poly(methyl methacrylate)-gra/?-polystyrene used in the
evaluation o f techniques for copolym er analysis.12

6
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The grafting from approach typically involves formation o f a free radical
on the backbone polymer. In general, three approaches are used to form this
radical. First, free radical initiators are added to a mixture o f backbone and
monomer. Decomposition o f the initiator creates free radicals which initiates
polymerization of the monomer. Chain transfer to the polymer, e.g. through
hydrogen abstraction, forms a free radical on the polymer backbone which
initiates the polymerization o f the monomer to be grafted. Polymer backbones
containing nitrated aromatic units are suitable for grafting via chain transfer,
such as the grafting of styrene to poly(4-nrtro-phenyl acrylate) using
azobisisobutyronitrile initiator.13 This approach produces a large amount of
homopolymer which must be separated from the graft copolymer if pure graft
copolymer is required.
The second approach is the use of reduction/ oxidation chemistry with
metal ions to form radicals on the backbone while changing the oxidation state
o f the metal ion. Cerium (IV) ions react with the 2- and 3-hydroxyl groups of
cellulose to achieve graft copolymers of vinyl polymers on cellulose.14 Alcohol
functional groups react with eerie ions to produce cerium (III), a proton, and an
alkoxy radical. The radical formed may initiate graft copolymerization when
vinyl monomer is present. This approach is possible with only a few select
backbones with the appropriate functional groups to promote radical
formation, and the substrate must be water soluble or form stable emulsions
to react with the cerium salts,. Poly(vinyl alcohol) has been used as substrate

7
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in the grafting of polyacryionitrile with cerium (IV) to form poly(vinyl alcohol)gra/f-poiyacrylonitrile.15
The third approach involves formation of initiator moieties on the
backbone. Decomposition of the initiating species then provides a free radical
on the backbone which initiates graft copolymerization. The drawback is the
radical species which is liberated upon initiator decomposition can also initiate
homopolymerization. Homopoiymerization can be minimized by using
asymmetric initiators, where a reactive radical is formed on the backbone, and
a less reactive radical is liberated. Only one previously published procedure
that we have found fo r graft copolymerization uses asymmetric initiator
substituents; it involves a Friedel-Crafts alkylation on styrene and subsequent
oxidation to form hydroperoxides. Metz and Mesrobian16 modified polystyrene
through the Friedel-Crafts addition of isopropyl groups to the benzene rings.
Use of air to autoxidize the isopropyl groups to isopropyl hydroperoxides gave
the asymmetric initiators. Homopolymer formation in the grafting process is
minimized through the use of the redox chemistry described above. Use of
ferrous salts to give feme hydroxide and alkoxy radicals gives copolymer with
minimal homopolymer byproduct (Scheme 1.2).
1.4. Controlled Radical Polymerization
In chain reaction processes, initiation, propagation, and termination are
different reactions occurring at different rates (Scheme 1.3). Initiation involves
two reactions, which are the homolytic decomposition of the initiator to give

8
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radical species, and addition of the radical to monomer. These steps have
rate constants

and kj respectively. In the propagation steps, the growing

polymer chain adds monomer units to form a radical one monomer unit larger
than before, with a rate constant kp. Termination in free radical
polymerizations occurs by when two radicals react by combination or
disproportionation, with a combined rate constant symbolized by k,. For
conventional free radical initiators, the rate of initiator decomposition is slow
compared to the addition o f monomer to initiator radical, so the rate of
initiation, Rj, simplifies to P k ^ l], where f is the initiator efficiency. The rate of
termination, Rt, is equal to k,*[P ]2, where [P ] is the concentration of growing
CH2— CH

Y

CH2— CH

Cl

AlCfe

CH2— CH

CH2— CH

A or Fe(ll)
*

OOH

O*

Scheme 1.2. Grafting from autoxidized polystyrene derivative 16
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polymer chains. Applying a steady-state assumption, that [P ] remains
constant and therefore R, = R* then F k /fl] = k,*[P ]2. The concentration [P ]
can then be solved to equal (f*kd*[l] / k,)1'2. The rate o f polymerization, Rp, is
equal to kp*[M][P] or k ^ M n f k / t l] / k j172.
An important point is the rate o f polymerization is proportional to the
square root of initiator concentration and proportional to monomer
concentration. Also, the average kinetic chain length (number o f monomer
units per initiated chain), v, is equal to the rate of polymerization divided by
the rate o f initiation, and because o f the steady-state assumption, v also
equals Rp/Rt. If termination occurs by coupling the number average molecular
weight is 2v; termination by disproportionation limits the number average
molecular weight, M„,to the kinetic chain length. The polydispersity, PD, is

I— I

------------- ►

2

r

k<i

d

•

P"

„•
Pn

M

Pm

M
►

P,

kj

►

------------- ►

P n+1

P n+m

Pn—H +

Pm=

kt
combination

disproportionation

Scheme 1.3. Free radical chain reaction processes

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

defined as the ratio o f weight-average to number-average molecular weight
averages, M*/Mn. If all polymer molecules have the same molecular weight,
the polydispersity is equal to 1. Free radical polymerizations have
polydispersities that are theoretically around 2, with a theoretical lower limit
of 1.5.17
Chain transfer occurs when a radical is transferred from the growing
chain to some other molecule. This results in lower molecular weight products
because the first polymer has been killed. The rate o f transfer reactions is
defined as k*. A chain transfer constant has been defined as Cx where x is
the chain transfer agent, and the constant equals k^/kp. The kinetic chain
length in these cases is modified so v= Rp/(R,.+ R*). Termination and transfer
reactions occur in free radical polymerizations and lead to broad molecular
weight distributions because the concentration o f termination and transfer
agents are consumed over the course of the reaction causing polymer
molecular weights to rise. Radical polymerizations are not living because two
radical chain ends meeting causes termination. In free radical
polymerizations, slow decomposition of initiator, fast addition of monomer, and
chain terminations cause molecular weight to be constant over time and
polydispersity to be higher.
Efforts have been made to create systems where radical
polymerizations have the characteristics of anionic polymerizations, but retain
the advantages of radical polymerizations. Anionic polymerizations are living

11
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polymerizations, in that the anion chain ends form instantaneously and react
until all monomer is consumed. In an anionic polymerization, molecular
weight increases with reaction tim e as monomer is consumed. Addition of a
terminating agent is necessary to kill the reaction. Fast initiation and lack of
termination reactions keep polydispersity, the distribution of molecular
weights, low. Monomers that are compatible with and stabilize the
propagating anion can be used such as acrylonitrile, acrylates, and styrene.
Cationic polymerizations use a cationic species to propagate
polymerization. Initiation effected by an electrophilic addition to a monomer
provides a carbocation capable o f propagating the polymerization; protons
from mineral acids like phosphoric acid can act as initiators. Lewis acids are
coinitiators promoting carbocation formation, for example abstracting a
halogen from an alkyl halide initiator to provide a carbocationic species.
Chain transfer reactions occur in these polymerizations by proton transfer to
monomer, hydride abstraction to provide more stable carbocations, and
electrophilic substitutions with aromatic species. Cationic polymerizations
occur with monomers that can stabilize the cationic intermediate, such as
isobutylene, styrene, butadiene, and vinyl ethers.
Efforts to control radical polymerizations and give them living
characteristics have focused on minimizing the termination reactions.
Minimizing the concentration of radicals in the reaction also minimizes the
number of terminations because radicals are less likely to come together and
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kill the chains. This is effective as the rate o f polymerization is proportional to
the radical concentration and termination is proportional to the square o f
radical concentration. The minimized term ination reactions should also
provide lower polydispersities (<1.5).
One method for minimizing radical concentration involves the use of
stable free radicals to cap the ends of polym er chains, thereby protecting
them from termination by other growing polymer chains. Dissociation o f the
stable free radical from the growing chain allows the addition o f monomer, but
the equilibrium of the reaction favors the end-capped polymer chain,
minimizing the concentration of free radicals. Chains with the stable free
radical cap are reversibly terminated; dissociation o f the stable free radical
allows the addition of more monomer. The reversible termination provides
protection of the reactive end while still allowing monomer addition.
Although other stable free radicals can be used,18*21 the most commonly
used is the tetramethylpiperdinyloxy (TEMPO) free radical. Addition of
TEMPO to free radical polymerizations at elevated temperatures gives living
characteristics to the system such as m olecular weight increasing over time
and lower polydispersities.22 The “living” chain ends in these polymerizations
are also capable of forming block copolymers by the addition of a second
monomer; styrenics, acrylates, and methacrylates have been successfully
copolymerized in the presence of TEMPO.23
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Small molecules containing the TEMPO functional group are often
used as initiators of controlled radical polymerizations. Although several
methods for the synthesis of TEMPO adducts have been reported,24-25 the
most commonly used method involves adding TEMPO to a solution of free
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Scheme 1.4. Controlled radical polymerization with TEMPO
radical initiator and monomer to form a initiator-monomer-TEMPO adduct.
Heating of the these adducts in monomer yields polymer (Scheme 1.4) with
controlled m olecular weight and polydispersity.
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1.5. Barton Esters
Thiohydroxamic esters, including esters o f N-hydroxypyridine-2-thione,
were first used as free-radical precursors by Derek Barton,26 and have come
to be known as Barton esters. N-hydroxypyridine-2-thione esters are most
easily synthesized by reacting the sodium salt of N-hydroxypyridine-2-thione
and an acid chloride.27 Carboxylic acids may also be converted to Barton
esters using coupling reagents such as chloroformates or
dicyclohexylcarbodiimide.28
Through the use of different carboxylic acid substrates and
thiohydroximes, a wide variety of Barton esters can be synthesized.
Structures of various hydroximes29 are shown in Figure 1.2. Variation of
hydroxime structure allows fo r control of the absorbance wavelength (
and decomposition half-life, but the N-oxypyridine-2-thione derivative is
commonly used because it is commercially available. Barton30 conceived that
the combined driving forces of thiocarbonyl reduction and aromatization would
give a reinforced radical elimination reaction. All of the structures shown have
the common theme of a ring structure with a carbon-sulfur double bond. A
general reference text containing material on Barton esters is Advanced
Organic Chemistry by Carey and Sundberg31 which illustrates a
decarboxylative reduction o f Barton esters with tributyl tin hydride.
The decomposition o f Barton esters by heat or visible light initially
yields acyloxy radicals and pyridine thiol radicals (Scheme 1.5). Laser flash
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Figure 1.2. Barton esters derived from various hydroximes
photolysis studies have shown that the pyridine thiol radical is consumed by
attacking the pyridine thione ring of the starting Barton ester producing 2,2’dipyridyl disulfide and a second acyloxy radical.32 Aveline and coworkers
photobleached solutions of Barton ester with a laser (>=355 nm) and recorded
visible spectra o f the photolysis products. Absorption at 500 nm was
determined to-be due to pyridine thiyl radical, and the decay of this signal
along with further slow decay of the Barton ester absorption at 375 nm
indicated that pyridine thiyl radical indeed induces homolysis of Barton ester
yielding dipyridyl disulfide.
The aliphatic acyloxy radicals lose carbon dioxide rapidly to form
carbon centered radicals.33 If no trapping reagents are present, the radical
intermediate can induce the cleavage of another molecule of Barton ester to
produce a thioether.
If an appropriate trapping agent (X-Y) captures the alkyl radicals, a
more useful organic transformation can be achieved. Barton has used these
free radicals in several organic syntheses in the presence of many common
functional groups.30,34,35 For example, reductive decarboxylation occurs when
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Scheme 1.5. Decarboxylation and induced decomposition
X-Y is RS-H and decarboxylative chlorination was accomplished in 95%
yield30when X-Y is CCI3-CI (Scheme 1.6). The ease o f synthesis and facile
decomposition o f Barton esters make them useful in a wide variety of organic
reactions including homologation and halogenation. Formation of an acid
chloride by treatm ent with thionyl chloride followed by reaction with sodium Noxypyridine-2-thione produced a Barton ester intermediate. Irradiation o f this
intermediate in carbon tetrachloride induces a homolysis to an acyloxy radical,
which decarboxylates to an alkyl radical. Attack by the alkyl radical of one of
the carbon-chlorine bonds of carbon tetrachloride yields a chlorinated product
and a trichloromethyl radical which propagates a chain reaction by attacking
the thiocarbonyl o f a second Barton ester and regenerating an acyloxy radical.
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Judicious selection of X-Y allows elaboration o f reactive acid derivatives under
rather mild conditions.
In addition to esters that yield alkyl radicals, variation o f the R group
can provide other radicals as well. For instance, if R is a phenyl group, then a
benzoyloxy free radical is produced. While most alkyl-carboxylate radicals
lose carbon dioxide readily,33 aromatic-carboxylate radicals lose carbon
dioxide 10s times slower.36 Additionally, R can be an alkoxy or amino group.
CAc ",

COCH

1. trtcryl crtcride
2 sodkiritksqpyridrH-24hone

a Cdfchv
AcO

AcO
Scheme 1.6. Decarboxylative chlorination30
If R is alkoxy, then the Barton ester has a carbonate structure, and homolysis
will yield a carbonate radical. Carbonate radicals are also slow to lose carbon
dioxide.37 On the other hand, if R is amino, then a urethane radical is formed.
These urethane radicals are known to decarboxylate quickly to yield nitrogencentered amino radicals.37 Barton considers the acyl carbamate derivatives
the most convenient source o f amino radicals under mild conditions.38 Use of
these Barton ester variants has provided convenient means o f achieving
several organic transformations39’40 such as the formation o f cyclic carbonates
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and amines from appropriate double bond containing Barton carbonates and
carbamates.
Chain reactions involving Barton esters proceed through radical attack
at the sulfur o f the Barton ester molecule. This attack induces cleavage o f the
Barton ester’s N-O bond. The result is a new liberated radical and the
formation of the thiopyridine end group on the attacking species (see induced
decomposition, Scheme 1.5).
Modification o f the thiopyridine group has been accomplished prim arily
through two methods. The thiopyridine moiety has been desuffurized by
Raney nickel or tributyl tin hydride to replace the group with a hydrogen
atom.41 Also, the thiopyridine group has been oxidized by chloroperbenzoic
acid then therm ally eliminated to give a product terminated with a carboncarbon double bond.41 Reactions with Barton esters that yield thiopyridines
which can be modified further is a significant feature in these transformations.
Barton esters are free radical precursors and add across the double
bond of vinyl compounds; therefore, they serve as initiators of free radical
polymerizations. The chain reaction induced decomposition of Barton esters
is a polymerization chain transfer reaction that controls molecular weight.
Functionalization o f polymers to poly(Barton esters) provides a backbone for
grafting vinyl monomers. The liberated pyridine thiyl radical should not
promote homopolymerization of the vinyl monomer. The reactive radicals
obtained could also be trapped by TEMPO to form adducts for controlled
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radical polymerization. The goal of the research is to show the versatility o f
Barton esters in the radical polymerization o f vinyl monomers. Further the
unique properties o f Barton esters as initiators and chain transfer agents
presents several opportunities for controlling molecular architecture,
particularly in preparing graft copolymers.
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CHAPTER 2 HOMOPOLYMERIZATION
2.1. Barton Esters in Free Radical Polymerizations
Previous efforts have been made to utilize Barton esters in
polymerization reactions. Meijs and Rizzardo42 have used Barton esters as
chain transfer agents to control free-radical polymerizations. Polymerizations
o f styrene, methyl methacrylate, methyl acrylate and vinyl acetate initiated by
either benzoyl peroxide (BPO) or azobisisobutyronitrile at 60°C were
conducted in the presence o f Barton ester. The chain transfer constants (Cx)
for the various Barton esters (R=C15H31, Bz, or Ph) were then calculated by the
Mayo method43 from the molecular weight data obtained by size exclusion
chromatography (SEC). The chain transfer mechanism involves induced
decomposition o f the BE as shown in Scheme 2.1. Chain transfer constants
for several Barton esters in the monomers used are summarized in Table 2.1.
Table 2.1. Chain transfer constants for Barton esters42
Styrene
Methyl
Methyl
Vinyl
Methacrylate
acetate
acrylate
4.0
3.8
36
c 15h 31
20
Benzyl
4.3
3.9
80
Phenyl
2.8
R

Bergbreiter has used Barton esters to modify polymer film surfaces by
grafting.44 Bergbreiter believed that Barton esters would initiate
polymerizations of vinyl monomer. He hypothesized that the chain transfer to
initiator would provide low m olecular weight polymer, but this would provide a
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Scheme 2.1. Chain transfer to Barton ester
means of controlling molecular weight. Further, he concluded that liberation
o f the pyridine thiyl radical would reduce the problem of concomitant
homopolymerization. Polyethylene film was oxidized by chromic/ sulfuric acid
so that carboxylic acid groups were formed on the film surface. These
functional groups served as handles for the formation of Barton esters on the
film . Formation of acid chloride by thionyl chloride, and the subsequent
addition of hydroxypyridine thione led to the Barton esters on the film surface.
These esters were then photolyzed by visible light in the presence of
acrylonitrile to form polyacrylonitrile grafts on the film surface, as shown in
Scheme 2.2. The average graft length was estimated by infrared (IR)
spectroscopy to be 25 monomer units by comparison with mixtures of
cyclohexane and acetonitrile. This is the first reported application of Barton
esters as initiators.
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Scheme 2.2. Barton esters used in grafting to polyethylene44
2.2. P olym erization Mechanism
Our goal was to determine if Barton esters were useful initiators of vinyl
monomers in bulk and solution polymerizations. Also, the reaction of Barton
esters as chain transfer agents in those polymerizations was considered and
would perhaps lim it the effectiveness of the esters as initiators. Elucidation of
the polymerization processes required end-group analysis to determine
initiation, termination, and transfer agents. Towards that goal, two Barton
esters were chosen for test polymerizations. The ferf-butyl Barton ester was
chosen for the aliphatic R-group, and the phenyl Barton ester was chosen for
its aromatic R-group. This would lead to two different initiator species with
different nuclear magnetic resonance (NMR) shifts.
tert-Butyl Barton ester was used to initiate the bulk polymerization of
methyl methacrylate (MMA) and acrylonitrile. Solution polymerizations were
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conducted in benzene and dimethyl formamide (DMF) respectively. The
poly(methyl methacrylate)s (PMMA) isolated exhibited molecular weights
between 60,000 and 80,000 and polydispersities of 1.9-2.5. The phenyl
Barton ester was used to initiate styrene and 4-vinylpyridine polym erizations
either in bulk or after diluting the monomers with 25 mole % DMF. Using
styrene as the monomer, polystyrenes with molecular weights o f 50,00070,000 and polydispersities o f 1.9-2.4 were produced, and conversions o f 7080% were easily achieved. These results encouraged further studies; the
styrene/phenyl Barton ester system was chosen as a model system.
The polymerizations o f acrylic acid and diallyl dimethyl ammonium
chloride (DADMAC) were limited due to the sensitivity o f Barton esters to
hydrolysis. Even after careful drying of DADMAC, conversion was limited to
10% within the lifetime of the initiator. Polymerization of vinyl acetate was
limited due to the high chain transfer constant to Barton ester (80 with phenyl
Barton ester).42 The polymerizations of acrylic acid were attempted by
dissolving 0.0270 g (0.1 mmol) phenyl Barton ester in 8.11 g (0.1 mol) acrylic
acid and exposing to visible light for 24 hours. Dilution with acetone and
precipitation in hexane followed by filtration and vacuum drying gave
poly(acrylic acid) in only 18% conversion. The polymerization o f DADMAC
was attempted first by addition o f 0.05 g (0.2 mmol) phenyl Barton ester to
21.65 mL DADMAC solution (65 wt% in water). The solution was exposed to
visible light as above for 24 hours. Precipitation in methanol yielded no
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polymer. Lyophilization of DADMAC monomer and subsequent dissolution of
16.16 g (0.1 mol) DADMAC in 10 mL DMF with 0.05 (0.2 mmol) phenyl Barton
ester provided a small amount o f polymer after exposure to visible light fo r 24
hours; conversion-10%. Polymerization o f vinyl acetate, 10.56 mL, by phenyl
Barton ester, 0.0244 g (0.1 mmol), was accomplished by irradiation by visible
light for 20 hours, noting that the yellow color o f the initiator disappeared
within the first hour. Precipitation in ethyl ether followed by filtration and
vacuum drying provided poly(vinyl acetate) in 4% conversion. Clearly, Barton
esters are not suitable initiators for these monomers.
The mechanism for polymerization is shown in Scheme 2.3. For the
phenyl Barton ester, initiation is shown occurring with the benzoyloxy radical.
W hile most alkyl-carboxylate radicals lose carbon dioxide readily,33 aromaticcarboxylate radicals lose carbon dioxide 10s times slower.38 The benzoyloxy
radical is therefore expected to initiate polymerization before decarboxylation
occurs. After initiation, propagation occurs via normal radical polymerization
means. Radicals are typically transferred as the result of a chain transfer
reaction with the initiator, which results in a thiopyridine end-group.
To verify the structure of the end-groups, mass spectrometry
experiments were performed. Low molecular weight polystyrenes were
prepared by polymerizing solutions of phenyl Barton ester (2 mol %) in styrene
both thermally and photolytically. The polymers were characterized first by
SEC, where the Mn’s fo r the samples were estimated to be 5300 and 6900 for
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thermal initiated and for photo initiated samples respectively. The samples
were then analyzed by matrix assisted laser desorption/ ionization (MALDI)
tim e o f flight (TOF) mass spectrometry (MS). The spectra are shown
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Scheme 2.3. Mechanism of homopolymerization
in Figure 2.1. By subtracting the appropriate number of monomer units for
each oligomer, the remaining mass is the mass of the end-groups. Average
end-group mass was calculated to be 229.3 for the heat initiated polystyrene
(PS), and 230.3 for the light initiated PS, each with a measurement error

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

of +/- 3. The total mass o f the benzoyloxy and thiopyridine units is 231. The
mass spectra support the mechanism where the initiating fragment is the
benzoyloxy group, and the terminal fragment is the thiopyridine group.
s

Figure 2.1. Mass sprectra of polystyrenes initiated by phenyl Barton ester
An infrared spectrum was also made for a low molecular weight
polystyrene, shown in Figure 2.2. Along with the characteristic C-C, C-H, and
aromatic stretches, a sharp peak at 1726 cm*1was present. This peak is
indicative of a carbonyl stretch, and provides additional evidence for the
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presence of the benzoyloxy initiating group. Also seen is a peak at 1120 cm'1
which indicates the presence o f the thiopyridine end group. Because of the
control of polymer end-groups, further functionalization is possible.
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Figure 2.2. Infrared spectrum of polystyrene initiated by phenyl Barton ester
Quatemization o f the thiopyridine nitrogen by iodomethane allows
placement of a positive charge on the polymer end-group. Dissolution of low
molecular weight (Mn=11,000) polystyrene polymerized by phenyl Barton
ester in iodomethane followed by room temperature stirring forms the methyl
pyridinium end-group (Scheme 2.4). Yield of quatemization was determined
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by NMR to be 88% by comparing integration o f the quaternary ammonium
methyl peak (3H, 4.18 ppm) and a pyridine proton (1H, 7.87 ppm), shown
in Figure 2.3.
2.3. Polymerization Kinetics
The kinetics of polymerization can be described by the following
equations: R* = k, [<DCOO ][M ] = f kp [I], Rp = kp [M][P ] and R* = k* [l][P*]. Chain
transfer constants for 2-pyridinethiol and bis-2-pyridine-disulfide are
reported in the literature and are small (0.0156 and 0.01 respectively).45,46
Therefore, initiation by the 2-pyridine thiyl radical is assumed to be negligible
as is chain transfer to the disulfide. If k* [l][P-] is large and k, [<t>COO][M] is
also large, then -d[M ]/dt can be approximated by -k, [q>COO J[M] + k^. [I][P J.
Applying a steady-state assumption, -d[M ]/dt = 0. Therefore, f k<, [I] = kp. [l][P ]
and [P ] = f k^ / k*. Then Rp = kp [M] f kp / kp assuming that the rate is first order
for monomer. The rates of polymerization measured by dilatometry show that
the rate of polymerization is independent of initiator concentration. Based
upon the lack of dependence of polymerization rate on Barton ester
concentration, termination by coupling of growing chains or coupling between
growing chains and pyridine-sulfide radicals are minor contributors to the
process. As discussed above, the pyridine thiyl radical promotes a
molecularly induced homolysis of Barton ester and does not appear to initiate
polymerization. Based upon an average kinetic chain length, vM - Rp /(Rtr+
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Scheme 2.4. Quatemization o f thiopyridine end-group
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Rt), and assuming that R* » R* the Dpw = vw = k„ [M] / k*. [I] which shows that
the molecular weight is controlled by the monomer to initiator ratio. The chain
transfer constant for the initiator is C, - kj/kp, which is the slope o f the plot
= c, m m In a series of kinetic experiments, initiations were carried out either by
heating solutions in a dilatom eter to 80°C in the absence of light, or by
subjecting solutions to the visible light o f a tungsten lamp at 25°C. The rates of
polymerization for the various concentrations and initiation methods are given
in Table 2.2. The rates are dependent upon temperature or light intensity, but
the rates measured are the same order of magnitude as those found with
conventional initiators at the lower initiator concentrations.
The molecular weights of the polymers isolated from the dilatometry
experiments were measured by SEC. The molecular weight data is also
shown in Table 2.2. From the molecular weight data, C, was calculated to be
0.95-0.96; these results were consistent with those of Meijs42 fo r Cx in sim ilar
systems. The polymerizations were repeated at 60°C with added benzoyl
peroxide (0.01 M) initiator. For Barton ester concentrations o f 0.02, 0.04, 0.06,
0.08, and 0.10M, the resulting polystyrene molecular weights measured by
SEC were 9500, 8800, 8300, 7700, and 7200 respectively. The resulting
value for Cx, calculated by the Mayo method,43 was 1.4. Additional evidence
for chain transfer lies in the rate data. The rate of polymerization is
independent of initiator concentration over the concentration range studied.
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These experimental results are consistent with the proposed polymerization
mechanism. Arrangement of the data from Table 2.2 in graphical form is
shown in Figures 2.4 and 2.5. The rates o f polymerization are o f the same
order o f magnitude as found with conventional free radical initiators.17
Additionally, the chain transfer constant C, for phenyl Barton ester with
acrylamide in DMF was determined to be 0.08 by the Mayo method.43 In
tetrahydrofuran (THF) C, was 0.06. Samples o f polyacrylamide were prepared
from 4M solutions of acrylamide in either DMF or THF, and Barton ester
initiator was added so [I] was 0.01, 0.02, 0.04, 0.08 M. The conversions were
less than 37%.
Table 2.2. Polystyrene molecular weights and rates of polymerization
initiated by phenyl Barton ester
Thermal Initiation, 80°C
[I] (mM)
Mw
8.7
88000
18.6
40000
35.6
25000
70.1
23000

Mn
52000
26000
18000
11000

Rp (m in'1)
7.2e-4
8.0e-4
7.2e-4
7.7e-4

Photo Initiation, 25°C
[I] (mM)
Mw
10.0
74000
20.0
64000
40.0
39000
80.0
20000

Mn
41000
37000
23000
10000

Rp (m in'1)
3.6e-4
3.7e-4
3.6e-4
3.6e-4

Molecular weights of samples o f polyacrylamide were determined by
viscometry of aqueous solutions in an Ubbelohde viscometer. Molecular
weights were calculated using the measured intrinsic viscosities, [q], and the
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Mark-Houwink constants from the literature (K*103 = 6.31 mL/g, a= 0.80).47
Viscosity molecular weights of polyacrylamide from DMF were 75000, 71000,
34000, and 31000 respectively. Those molecular weights from THF solution
were 42000, 37000, 29000, and 26000 respectively. These lower chain
transfer constants make acrylamide useful in the preparation of longer grafts;
however, the precipitation of the polyacrylamide during the polymerization
process may limit molecular weight The chain transfer constant with vinyl
acetate (80 with phenyl Barton ester)42 is large and makes the preparation of
vinyl acetate grafts with Barton esters difficu lt
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Figure 2.4. Relation between degree of polymerization and initiator
concentration for a. thermal and b. photo promoted Barton ester dissociation
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2.4. Materials
All reagents were obtained from Aldrich chemical company unless
noted otherwise. Styrene was dried over sodium sulfate, passed through a
short alumina column, then vacuum distilled before use. All other liquid
monomers were distilled before use. All monomers were purged with argon
before polymerization unless otherwise noted. Dichloromethane (DCM) and
tetrahydrofuran (THF) were obtained from Mallinckrodt chemical company.
DCM and pyridine were distilled from CaH2 before use, and THF was distilled
from K unless denoted as “with inhibitor." Dimethyl formamide (DMF) was
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Figure 2.5. Relation between rate o f polymerization and initiator
concentration for a. thermal and b. photo promoted dissociation of Barton
ester
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anhydrous quality. Acrylamide was obtained from American Research
Company as 99.9% pure and used as received. Sodium N-oxypyridine-2thione was obtained from Olin chemical company and purified by previously
published procedure27: water was removed from the 40% aqueous solution by
rotary evaporation, then the sodium N-oxypyridine-2-thione was recrystaliized
twice from ethanol and vacuum dried.
2.5. Characterization
Molecular weights were determined with a size exclusion
chromatograph (SEC) equipped with a W aters differential reflractometer and a
Dawn multiangle laser light scattering (MALLS) detector. The dried polymers
were dissolved in THF (chromatography grade, with inhibitor) and eluted at a
flow rate of 0.9 mL/min through Phenogel columns from Phenomenex. SEC
calibration was performed using polystyrene standards.
Matrix assisted laser desorption/ionization (MALDI) time o f flight (TOF)
mass spectrometry (MS) was performed on low molecular weight polymers on
a PerSeptive Biosystems Voyager linear MALDI-TOF MS equipped with a
nitrogen laser (337 nm) and a dual micro-channel plate detector. Samples
were ionized from an indoleacrylic acid matrix.
Proton nuclear magnetic resonance (NMR) was performed on a Bruker
250 MHz instrument. Fourier transform FTIR was performed on a PerkinElmer 1760 FTIR spectrometer, utilizing KBr pellets of polymer samples or
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films cast on NaCI plates. Ultraviolet-visible spectroscopy (UV-Vis) was
performed on a Beckman DU-7 spectrophotometer.
2.6. Homopolymerizations
Phenyl and fe/f-butyl Barton esters were prepared by a previously
published procedure.27 Briefly, benzoyl chloride or trimethylacetyl chloride
was dissolved in DCM under nitrogen; sodium N-oxypyridine-2-thione was
then added and stirred for two hours while the reactor was shielded from light.
Filtration and removal o f solvent provided the Barton ester. Initial
polymerizations were performed in bulk with 0.05 mol methyl methacrylate or
styrene. Initiation was accomplished using 0.5 mmol Barton ester (R-te rtbutyl for MMA and phenyl fo r styrene) and temperatures o f 95°C (MMA) or
100°C (styrene). Dissolution of the polymers in THF and reprecipitation in
methanol facilitated the removal of any yellow color from remaining Barton
ester and pyridine disulfides. Styrene polymerizations were also performed
utilizing 75 weight % solutions of styrene in either benzene or DMF.
Conversions in both cases reached 50%. Low molecular weight samples o f
polystyrene were synthesized using 2 mole % (0.18M) solutions o f phenyl
Barton ester in styrene. Initiation was effected by either heating a 10 mL
aliquot to 80°C in the absence of light, or subjecting a 10 mL aliquot to the
light of a 125 W tungsten lamp at a distance of 30 cm at 25°C. SEC showed
Mn=5300 (thermal initiation) and 6900 (photo initiation). The low molecular
weight samples were also examined by MALDI-MS and IR and shown in
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Figures 2.1 and 2.2 respectively. IR (KBr): 3025, 2922 cm'1 (C-H), 1726 cm 1
(C=0), 1600,1491,1450 cm'1 (aromatic), 1119 cm'1(Py-S-).
Quatemization of the end-group pyridine nitrogen was accomplished by
dissolving 0.10 g polystyrene initiated by phenyl Barton ester (Mn=11,000) in
2 mL iodomethane. Iodine, 0.01 g, was added to catalyze the reaction which
was stirred at room temperature for 3 days. Iodomethane was removed by
evaporation, and the polymer was dissolved in 2 mL THF and precipitated in
20 mL methanol, filtered, and vacuum dried. NMR (CDCI3) 5(ppm): 1.2-2.3
(3H, PS CH2-CH), 6.3-7.4 (5H, PS Ar), 4.18 (3H, quat CH3), 7.87 (1H, pyridine
Ar), Figure 2.3.
Rates of polymerization were measured with a dilatometer using
solutions o f phenyl Barton ester in styrene, and initiating polymerization by
either heating the solutions to 80°C in the absence of light or subjecting the
solutions to the light of a tungsten lamp as described above. Solutions were
prepared with concentrations from 8mM-80mM. Polymerizations were limited
to approximately 15% conversion. The polymer samples were dissolved in
THF, reprecipitated in methanol, filtered, dried, then analyzed by SEC, results
summarized in Table 2.2.
Polymerizations of styrene by benzoyl peroxide in the presence of
phenyl Barton ester were also performed. A stock solution of benzoyl
peroxide (0.01 M) in styrene was prepared, and 10 mL aliquots were used to
make solutions with phenyl Barton ester with concentrations ranging from
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0.02, 0.04, 0.06, 0.08, and 0.10M. The polymerizations were performed by
heating the solutions to 60°C for 1 hour in the absence of ligh t The polymers
were precipitated in methanol, filtered, dried, and analyzed by SEC,
conversions 1-16%. Molecular weights were 9500, 8800, 8300, 7700, and
7200 respectively.
The chain transfer constant for phenyl Barton ester with acrylamide in
DMF was measured by the Mayo method.43 A stock solution of 4 M
acrylamide in DMF was prepared, along with a stock solution of phenyl Barton
ester in 4 M acrylamide. Solutions (5.0 mL) fo r polymerization had Barton
ester concentrations of 0.01, 0.02, 0.04, and 0.08 M. Polymerizations were
effected by visible light as above, but for 4 hours. Polyacrylamide precipitated
as polymerization ensued. Polyacrylamide was filtered and washed with DMF
then THF. Conversions were 23-36%. Molecular weights of the dried
polymers were then measured by Ubbelohde viscometry in distilled, deionized
water at 30°C using Mark-Houwink constants found in the literature.43 Similar
measurement of the chain transfer constant in THF was also performed.
Experimental conditions were as above substituting THF for DMF.
Conversions were 10-37%. Molecular weights from DMF were 75000, 71000,
34000, and 31000 respectively. Molecular weights from THF solution were
42000, 37000, 29000, and 26000 respectively.
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CHAPTER 3 GRAFT COPOLYMERIZATION
3.1. Acryloyl Chloride Derivatives
Because Barton esters are easily synthesized from carboxylic acid
derivatives, initial graft copolymerizations were attempted from backbone
polymers containing acid chloride units. Barton esters are especially useful in
the synthesis of graft copolymers because they decompose into an initiating
alkyl radical and a relatively unreactive pyridine thiyl radical. This allows for
the grafting to occur with a minimal amount of homopolymerization. Our
planned synthesis involving Barton esters is shown in Scheme 3.1.
In the initial syntheses, the vinyl-X repeat units in the backbone were
either methyl methacrylate or styrene; and the vinyl-Y repeat units for grafting
was styrene. In the synthesis of the backbone, methyl methacrylate was
copolymerized with methacryloyl chloride (19:1 MMAiacid chloride) in
benzene solution, initiated by BPO. In similar experiments, styrene was
copolymerized with acryloyl chloride (19:1 S:acid chloride). Analysis of the
linear copolymers by SEC assumes that the dn/dc’s for homopolymer were
appropriate. Barton esters were then formed on the backbone copolymers.
To these modified backbone copolymers, more monomer was added. The
solutions containing esterified backbone and additional monomer were heated
to effect the decomposition o f the Barton esters. The resulting polymers were
isolated and analyzed by SEC. The molecular weights of the expected graft

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

polymers were actually slightly less than those of the original backbone
polymers. Backbone SEC Mn= 2 0 ,0 0 0 , and graft copolymer Mn=17,000.
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Scheme 3.1. Graft copolymerization with methacryloyl copolymers
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The explanation for these unexpected results is a chain cleavage
reaction. The proposed mechanism for chain cleavage is also shown in
Scheme 3.1. When the decomposition of a Barton ester on a backbone
polymer chain results in the formation of a free radical directly on the carbon
chain of the polymer, chain cleavage can result. This theory was tested by
decomposing the Barton esters of the modified polymer backbones in the
presence of dodecanethiol. If the decomposition of a Barton ester resulted in
a free radical that abstracted hydrogen from thiol, the polymer molecular
weight would be unchanged. However, if the decomposition of Barton ester
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Figure 3.1. SEC curves for a. PMMA-co-poly(methacryloyl chloride-methyl
ester) and b. PMMA-co-poly(methacryloyl chloride-Barton ester) heated in
the presence o f thiol
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results in chain cleavage before interaction with thiol, a reduction in molecular
weight would be observed. The molecular weights (SEC) of the polymers
after decomposition of the Barton esters were approximately half o f the
molecular weights of the unreacted polymers. Backbone SEC Mn=20,000 and
backbone polymer after Barton ester decomposition in thiol SEC Mn= 10,000,
as shown in Figure 3.1. These results confirm that the chain breaking
mechanism is competitive with hydrogen abstraction. Due to the chain
cleavage side reaction, no further characterizations were performed on these
polymers.
3.2. Styrene Benzoate Derivatives
To avoid the formation o f free radicals directly on a polymer backbone,
an acid chloride monomer, 4-vinylbenzoyl chloride (4VBC), was synthesized
from 4-vinylbenzoic acid (Scheme 3.2). The 4-VBC was copolymerized with
styrene (19:1 styreneiacid chloride) in the presence of benzoyl peroxide (99:1
styrene:BPO) to give a polymer chain suitable for grafting. A sample of this
copolymer was reacted and precipitated in methanol to form methyl esters,
providing a control polymer fo r molecular weight comparison. A portion of the
polymer with the acid chloride pendant groups was then reacted to form
Barton esters. The Barton ester moiety located on the side group o f the
polymer backbone does not promote chain cleavage. Also, this Barton ester
yields a benzoyloxy type radical which is not prone to decarboxylation.
Aliquots of this polymer were then heated either in the presence
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dodecanethiol to test for backbone stability, or styrene to initiate grafting. The
polymers were analyzed by SEC shown in Figure 3.2. The polymer heated in
the presence o f dodecanethiol showed no change in molecular weight, SEC
Mn=17,000.
Styrene was grafted to the 4-vinylbenzoate-Barton ester copolym er 3.1
thermally (Scheme 3.3) and the graft copolymer 3.2 was analyzed by SECMALLS, curves shown in Figures 3.2 and 3.3. SEC of backbone copolym er
oxalyl
chloride

ir<0^

COOH

COCI

+

ir<Q>-cocl
benzoyl
peroxide
►

COCI

methanol

sodium
2-pyridinethiol-1 -oxide

c=o
c=o

Me

3.1

Scheme 3.2. Preparation o f styrene benzoate derivatives
(methyl ester) Mn=17,000, and SEC o f polystyrene-graft-polystyrene was
Mn-27,000. The shift towards lower elution volume and increased light
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scattering intensity o f the SEC curves indicate that grafting occurred. Based
upon the comonomer feed ratios, the degree o f substitution on the backbone
was anticipated to be 5 mole %. Then, assuming quantitative synthesis o f
Barton ester, the number of Barton ester moieties per chain (and grafts per
chain) is calculated to be 8 . Based on the difference in M„ o f the two
polymers, the average graft length for the branched polymer is then estimated
to be 12 monomer units.

3.1

C =0
I

A

3.2

or hv

C =0
I
o

R

R

R

Scheme 3.3. Grafting from polystyrene benzoate derivatives
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A graft copolymer, polystyrene-graft-poly(methyl methacrylate), was
synthesized. As before, the backbone copolymer 3.1 was synthesized from
styrene and 4VBC. Synthesis o f Barton ester moieties was effected before
the resultant copolymer was isolated by precipitation into methanol. The
backbone polymer was dissolved in methyl methacrylate, and the Barton ester
pendant groups were photolyzed to effect copolymerization, a 300% weight
increase was observed. Analysis of the copolymer by NMR gives a spectrum
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i

10

15

20

Elution Volume (mL)
Figure 3.2. SEC curves fo r a. PS-co-poly(4VBC-methyl ester), b. PS-copoly(4VBC-Barton ester) heated in thiol, and c. PS-co-poly(4VBC-Barton
ester) heated in styrene
with peaks characteristic of both polystyrene and poly(methyl methacrylate),
Figure 3.4. SEC analysis of the products revealed that the molecular weight
o f polystyrene benzoate copolymer backbone was Mn=20,000, and that of the
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polystyrene-g/aff-poly(methyl methacrylate) was M„=76,000. To insure that
the sample was not merely a mixture o f homopolymers, and was in fact a graft
copolymer, the samples were extracted with ethanol, and with cyclohexane, a
solvent for homopolystyrene. Analysis of the extracts by NMR did not indicate
the presence of pure homopolymer. Peaks characteristic o f both polystyrene
and poly(methyl methacrylate) were found in the spectra o f the extracts,
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Figure 3.3. SEC-light scattering curves for a. PS-co-poly(4VBC-methyl ester)
and b. PS-graft-PS
indicating extraction o f low molecular weight graft copolymers. Calculations
as above for graft length by SEC showed PMMA graft length was 76. Mass
increase indicated PMMA graft length of 97.
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Various methods can be used to characterize graft length. First, the
increase in mass o f polymer from grafting gives the mass and therefore moles
o f graft monomer added. Dividing by the moles o f initiator gives average graft
length. Similarly, SEC can provide molecular weight values fo r both backbone
and copolymer. The difference is the total graft molecular w eight Dividing by
number of grafts per backbone molecule gives average graft length. A third
method involves integration of NMR peaks unique to each component
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Figure 3.4. NMR spectrum o f polystyrene-graff-PMMA
provides the ratio of graft to backbone repeats. Dividing by degree of
substitution supplies the average graft length.
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Alternately, if grafts can be removed and separated from the backbone,
the grafts can be analyzed independently. Number average molecular
weights of the isolated grafts could be determined with end-group analysis by
NMR or titration. Viscometry could also be used to estimate molecular weight.
In this work, SEC was chosen as the preferred method because it provides
both molecular weight and polydispersity.
Each method for determination o f graft length has its drawbacks. Mass
increase requires pure graft copolymer (impurities cause calculation to be
high), and also that all copolymer be recovered (loss causes calculation to be
low). SEC of copolymer is accurate only if the differential refractive index,
dn/dc, is measured for each sample. Otherwise, molecular weight
measurement is only as accurate as the estimation o f dn/dc. NMR requires
that backbone and graft protons be present in amounts high enough for
quantitative analysis, i.e., one portion should be at least 1%. In
copolymerizations by Barton esters, graft length is relatively low so NMR is a
good method for the determination o f graft length, correlation o f the NMR
technique with mass increase provided additional support to the analysis.
3.3. Experimental
SEC-MALLS equipment previously described in section 2.5. Molecular
weights of linear copolymers were calculated using SEC-light scattering data
assuming that the dn/dc of the corresponding homopolymer in THF could be
applied.
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Initial copolymers were synthesized by heating to 70°C solutions of
benzoyl peroxide (0.12 g, 0.5 mmol), methacryioyl chloride (0.26 g, 2.5 mmol),
and methyl methacrylate (5.0 g, 0.05 mol) in 5.0 mL of benzene. Sim ilar
experiments yielded copolymers with 5 mole % acryloyl chloride and styrene.
A 0.5 mL aliquot of polymer solution was precipitated in methanol and isolated
for SEC analysis (Mn=20000, Figure 3.1). To the remaining solution, sodium
N-oxypyridine-2-thione, 0.37 g (2.5 mmol) was added and stirred in the
absence o f light at room temperature for 2 hours. A 5 mL aliquot o f this
solution was mixed with 5.0 mL dodecanethiol and heated to 75°C fo r 24
hours. The polymer was dissolved in THF and reprecipitated in methanol
twice. The dried polymer was then examined by SEC (Mn=10000, Figure
3.1). Another 5 mL aliquot of copolymer solution was mixed with 2.5 g (0.025
mol) of styrene and heated to 75°C for 24 hours. The resulting polymer was
isolated by precipitation in methanol and analyzed by NMR and SEC
(Mn=17000). NMR (CDCI3) 5(ppm): 0.85-1.00 (3H, CH3), 1.2-1.3 (2H, PS
CHJ, 1.35-1.55 (1H, PS CH), 1.85-2.00 (2H, PMMA CHJ, 3.60 (3H, CH3), 6.47.2 (5H, Ar).
4-Vinylbenzoyl chloride was synthesized by heating 0.5 g (3.4 mmol) 4vinylbenzoic acid and 1.0 g oxalyl chloride in 2.0 mL benzene. The benzene
and excess oxalyl chloride were removed by vacuum. The residual yellow oil
was obtained in 96% yield, examined by proton nuclear magnetic resonance,
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NMR (CDCI3), 5(ppm): 8.05 (d, 2H, Ar), 7.50 (d, 2H, Ar), 6.75 (dd, 1H, CH),
5.90 (d, 1H, CHH), 5.45 (d, 1H, CHH); and used without further purification.
3.3.1. G raft C opolym er Synthesis
4-Vinylbenzoyl chloride, 0.41 g (2.5 mmol), was copolymerized with 5.0
g (0.05 mol) styrene by 0.12 g (0.5 mmol) benzoyl peroxide in 5.0 mL
benzene. A 0.5 mL aliquot o f this solution was precipitated in methanol and
stirred fo r 1 hour to assure complete conversion o f the add chloride to the
methyl ester, the polymer was then isolated and dried. The acid chloride
groups in the remaining polymer solution were reacted with 0.37 g (2.5 mmol)
sodium N-oxypyridine-2-thione for 2 hours in the absence of light at room
temperature. A 5.0 mL aliquot of modified copolymer solution, was heated to
75°C in the presence o f 5.0 g (0.05 mol) of styrene for 24 hours. The polymer
solution was precipitated in methanol, filtered, then dried; 6 .2 g of graft
copolymer was obtained (61% conversion). The graft copolymer was then
analyzed by SEC (Mn=27000, Figure 3.2). A second 5.0 mL aliquot was
heated at 75°C fo r 24 hr in the presence of 5.0 mL o f dodecanethiol before
isolating the polymer as described above.
A polystyrene-gra/?-poly(methyl methacrylate) was also synthesized.
The backbone was synthesized as described above from styrene and 4-VBC.
The Barton ester copolymer 3.1 was precipitated in methanol, filtered, and
dried to remove remaining monomer. Linear copolymer yield was 2.42 g
(conversion = 45%). After dissolving 0.5 g of the BE copolymer in 5.0 g (0.05
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mol) methyl methacrylate, exposure to visible light at 25°C effected
copolymerization. The copolymer was precipitated in methanol and dried,
yield=2.02 g (MMA conversion = 31%). The copolymer was analyzed by NMR
(Figure 3.4) and SEC (M n-76000). Extractions on 0.1 g samples o f the
copolymer were performed using either 10 mL ethanol or cyclohexane and
stirred for 2 hours. The extracts were evaporated to dryness, dissolved in
CDCI3, and analyzed by NMR (CDCI3) 5(ppm): 0.85-1.00 (3H, CH3), 1.2-1.3
(2H, PS CHj), 1.35-1.55 (1H, PS CH), 1.85-2.00 (2H, PMMA CHj), 3.60 (3H,
CH3), 6.4-7.2 (5H, Ar).
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CHAPTER 4 POLY(ARYLENE ETHER SULFONE) MODIFICATION
4.1. Introduction
Poly(arylene ether sulfone)s are useful membrane materials with
applications in uitrafiitration and as support materials fo r composite
membranes because they exhibit excellent mechanical and chemical
properties.48 Extensive efforts have been made to modify their permeability
and selectivity by introduction of functional groups directly on the arylene
backbone.49,50 For example a series o f aminated poly(arylene ether sulfone)
membranes was examined in an effort to enhance the selectivity o f the
resultant membranes in the separation of carbon dioxide/methane mixtures .51
Although some positive effects were observed, it was shown that simple
substituents tended to reduce the free volume and negatively impact the
permeability. Bulky substituents such as phenyl rings did increase the free
volume so we anticipated that short chain grafts would be useful in enhancing
the membrane properties.
A few examples of poly(arylene ether sulfone) graft copolymers have
been synthesized. Poly(arylene ether sulfone)-graft-polydimethylsiloxane has
been prepared by hydrosilation of vinylsilylated poiysulfone by Nagase, et at.10
Gas permeation o f methane and carbon dioxide was indeed enhanced relative
to unmodified poiysulfone membranes.5 Photochemical surface grafting of
acrylic acid to polysulfones has been achieved by coating commercial
ultrafiltration membranes with photoinitiators; the grafting process was
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accompanied by extensive homopolymerization.52 Low temperature plasma
induced surface modification o f polysulfones to introduce peroxide groups
facilitated thermally induced grafting of 2 -hydroxyethyl methacrylate to
enhance the hydrophobicity o f the membrane surfaces.53
The poly(arylene ether sulfone)-graft-poly(acrylic acid) copolymers
served as supports for covalent binding of enzymes and peptides to the
membrane surface 53 and the enzymatic activity was retained as evidenced by
specific activity/binding assays. Daly and L e e 8,9 have grafted polypeptides to
aminated polysulfones for potential use in reverse osmosis membranes and
enantiomer resolution.
Grafting to poly(arylene ether sulfone) was accomplished via Barton
ester intermediates synthesized from carboxylic acid groups on the backbone.
Dissolution of the backbone in DMF, addition of monomer, and subsequent
photolysis allowed for grafting to occur. Graft copolymers were formed using
styrene, methyl methacrylate, 4-vinylpyridine, and acrylamide.
4.2. Polyfarylene ether sulfone)-graff-polystyrene
Carboxylated poly(arylene ether sulfone), 4.1, can be synthesized by
sequential lithiation/carbonation of poly(arylene ether sulfone) in THF.54 The
degree of carboxylation is controlled by the molar ratio of butyl lithium to
poiysulfone employed in the lithiation step. The carboxylated polymers are
stable up to 290°C and the glass transitions increase linearly from 190-210°C
as the degree of substitution increases. The carboxyl substituent undergoes
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reactions typical o f carboxylic acids, e.g. easy conversion to acid chlorides
and esters.
Graft copolymerization experiments have been performed by grafting
styrene to backbone carboxylated poly(arylene ether sulfone), 4.1,
(Mw=45,000, Mn=20,000) via a Barton ester intermediate (Scheme 4.1). The
substrate polymer was converted to an acid chloride by treatm ent with neat
thionyl chloride, and then to a Barton ester by room temperature reaction with
sodium N-oxypyridine-2-thione to form Barton esterified polym er 4.2. These
polymers can be isolated if precautions are taken to avoid heating above
60°C, and exposure to light and moisture. The conversion to Barton ester was
determined by UV-Vis spectroscopy (> ^= 3 6 7 nm) using the extinction
coefficient for phenyl Barton ester in DCM (e=4200). Yields for Barton ester
formation typically exceeded 95% based upon initial carboxylate content
The grafting was accomplished by adding the poly(aryl ether sulfoneBaton ester) to a mixture of vinyl monomer and DMF (3:1 proportion), and
exposing the solution to visible light (Scheme 4.1). Within 24 hours the initial
yellow color of the Barton ester substituents had bleached to colorless.
Copolymers could be isolated by precipitation in non-solvent. Any
homopolymer could be extracted using appropriate solvents. For example
polystyrene homopolymer could be extracted with cyclohexane; homopolymer
content was 5-8%. NMR of poly(ary!ene ether sulfone)-gra/f-polystyrene 4.3
confirms the presence o f both poly(arylene ether sulfone) and polystyrene
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with peaks characteristic o f both polymers. Figure 4.1. An infrared spectrum
o f a typical copolymer is shown in Figure 4.2. An IR peak at 1735 cm *1
indicates that addition of styrene occurs before decarboxylation.
Decarboxylation followed by backbone decomposition has been shown to
occur with some alkyl substrates, e.g. acrylates. Decarboxylation is 105 times
slower for benzoyloxy derivatives,36 therefore, vinyl monomer is grafted via an
ester linkage and confirmed by the IR peak at 1737 cm*1. An IR peak at 1119
cm *1 indicates the presence of the thiopyridine group. The thiopyridine is the
expected end group when chain transfer to Barton ester occurs.
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Figure 4.1. NMR spectrum of poly(arylene ether sulfone)-graft-polystyrene
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The effects o f degree o f substitution and polym er concentration on
grafting efficiency and graft length were explored using carboxylated
poly(arylene ether sulfone)s with degrees of substitution equal to 0.15, 0.54,
and 1.0. Analysis o f the copolymers is contained in Table 4.1. The degrees
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Figure 4.2. Infrared spectrum of poly(arylene ether sulfone)-graff-polystyrene
of substitution listed were determined by UV-Vis spectroscopy of the Barton
ester modified backbones. Graft length determined by NMR of the
copolymers was accomplished by integrating the polystyrene aliphatics (3H,
1.2-2.0 ppm) and aromatics (5H, 6.3-7.2 ppm) and relating to the integration
of the poiysulfone aromatics (16H, 7.2-7.5, 7.7-8.2 ppm), correcting for the
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degree of substitution provides the graft length. Graft lengths firom NMR were
in agreement with those calculated from mass increase.
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H
2. sodium 2-pyridinethione-N-oxide

c=o
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Scheme 4.1. Grafting from carboxylated poly(arylene ether sulfone)
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The chain transfer constant of phenyl Barton ester in styrene is 0.96;
however, this number does not account for intramolecular chain transfer, so
chain transfer along poly(arylene ether sulfone) occurs more readily. This
results in the production of lower molecular weight grafts than estimated from
the bulk concentration o f Barton ester in solution. If the graft molecular
weights from Table 4.1 are used to recalculate the chain transfer constant to
Barton ester, then a “polymer-supported” C, of 17.2 is obtained.
Table 4.1. Properties of poly(arylene ether suIfone)-graft-polystyrene
copolymers
Substrate
Mass (g)
DS=0.149
0.04
0 .2 2

0.44
DSs 0.525
0.05
0.27
0.51
DS=0.957
0.06
0.30
0.60

[BE](mM)a %weight
gain

Molec.
weight6

1.4
7.4
15

1050
114
32

103,000 180
190,000 27
130,000 2 0

140.2
140.9
140.2

5.1
28
52

860

108,000

86

200

1 0 2 ,0 0 0

13

104

148,000

10

139.4
145.8
136.6

0 .0 0 1

867

90,000
63
99,000
15
198,000 6

138.6
151.1
141.7

0.478
0.107
0.004

9.8
49
98

200

92

graft
length 0

DSC
°C

DSC
mJ/deg.mg
1.299
0 .6 6 8

0.421
1.632
0.047

aIn 10 mL 75 mole% styrene in DMF
bNumber average from SEC
0 Number average calculated from NMR
SEC-MALLS o f the copolymers versus linear polystyrene standards
gives relatively low results due to the compact nature o f the branched
polymers. Removal o f polymers through hydrolysis o f the ester linkage allows
for independent analysis of the grafts. The ester linkage between backbone
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and graft can be cleaved by alkaline hydrolysis by lithium hydroxide in THF;
the resultant poly(aryl ether sulfone carboxylate) precipitates. This facilitates
the separation of the grafts from the backbone polymer. SEC-MALLS
molecular weight analysis o f the short grafts is unreliable due to poor
separation of polymers with molecular weights less than 5000, and the low
light scattering intensity of such polymers. A typical SEC o f poly(arylene

0.8

I

07

8 . 0.6

I

0.5

&

0.4
t>

0.3

5
<u
jf

02

To

0.1

■£

£

jg

0.0

£5
-

0.1

o

5

10

15

20

25

30

Elution Volume (mL)
Figure 4.3. SEC curves for a. poly(arylene ether sulfone)-graft-polystyrene,
and b. polystyrene grafts
ether sulfone)-graft-polystyrene along with the SEC of the corresponding
polystyrene grafts is shown in Figure 4.3.
The copolymers show a differential scanning calorimetry (DSC)
endotherm at 94-102°C characteristic of polystyrene glass transition
temperature (Ta). This endotherm is most pronounced fo r the longer grafts.
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Additionally, an exotherm indicative o f crystallization is evident in each o f the
copolymer DSC traces above the glass transition temperature of polystyrene.
Summary o f these transitions is contained in Table 4.1. A low degree of
substitution of long grafts best allows fo r this phenomenon. The glass
transition for poly(arylene ether sulfone) (~185°C) was not present in the DSC
traces for the copolymers. The results indicate that above the polystyrene
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Figure 4.4. DSC curves for poly(arylene ether sulfone)-gra/f-polystyrenes:
a. DP180, b. DP30, c. DP20, d. DP0
glass transition, sufficient molecular motion occurs to allow the poly(arylene
ether sulfone) backbones to crystallize. DSC traces for a series of copolymers
(DS=0.149, DP=180, 30, 20) and unmodified 4.1 are shown in Figure 4.4.
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The graft copolymers appear to be relatively homogeneous. The
copolymers were fully soluble in THF, DCM, chloroform, and toluene. Rim s
could easily be cast from these solutions. A film o f poly(arylene ether
suffone)-gra/?-poiystyrene (DS=0.149, graft DP=180) was cast from a THF
solution. This film was analyzed by scanning electron microscopy (SEM) and
photos taken at magnifications 1000x and 5000x, Figures 4.5 and 4.6
respectively. Phase separations appear only on the order o f 1 micron. For
comparison, a mixture o f unmodified poly(arylene ether sulfone) and
polystyrene was cast from a chloroform solution. The film was examined
under a microscope and an image taken at magnification 50x, Figure 4.7. The

Figure 4.5. SEM of poly(arylene ether sulfone)-graft-polystyrene with
DS=0.149 and DP=180, magnification 1000x
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separate phases are at least 500 microns across. Clearly the copolymers
have increased homogeneity.

Figure 4.6. SEM of poly(arylene ether sulfonej-graft-polystyrene with
DS=0.149 and DP=180, magnification 5000x
Quatemization of the graft end-group pyridine nitrogen by iodomethane
was accomplished. The sample chosen had a large DS (0.957) and short
graft length (6 ) to make NMR a useful method of characterization. Yield of
quatemization was 40% as determined by NMR, but overlap of the pyridine
aryl proton and poiysulfone aryl protons makes this calculation low. The ratio
o f quaternary methyl to pyridine protons is low because overlap o f the pyridine
aryl proton and poiysulfone aryl protons makes the integration of the pyridine
proton high.
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Figure 4.7. Optical micrograph of a mixture of poly(arylene ether sulfone) and
polystyrene
4.3. Other Grafts from Poly(arylene ether sulfone)
Other copolymers of poly(arylene ether sulfone) were o f interest,
because poly(arylene ether sulfone)s are useful membrane materials .49
Copolymers were synthesized using methyl methacrylate (MMA),
4-vinylpyridine (4VP), and acrylamide. Grafts were formed from carboxylated
poly(arylene ether sulfone)s with DS=0.74 or DS=0.26. Poly(arylene ether
sulfone) modified to contain grafts of poly(4-vinylpyridine) have potential as
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membrane materials because the introduction of bulky amine functions to the
polysulfone should increase hydrophiiicity and the free volume.
UV-Vis spectroscopy provided degree of substitution o f Barton ester
initiator on poly(arylene ether sulfone). NMR analysis o f poly(methyl
methacrylate) (in CDCI3) and poly(4-vinylpyridine) (P4VP) (in DMF-d7)
copolymers provided additional information on graft length. Results for those
copolymers and the polyacrylamide copolymer are contained in Table 4.2.
Table 4.2. Grafting of poly(arylene ether sulfone) with MMA, 4VP, and
acrylamide
Graft

DS (UV-Vis)

Methyl
methacrylate
4-Vinylpyridine
4-Vinylpyridine
Acrylamide

Graft length
(by mass)

0.69

% Mass
increase
126

10

Graft length
(by NMR)
13

0.73

78

5

10

0.24

107

20

6

0.73

179

16

na

In an effort to introduce bulky side groups with amine functions to
poly(arylene ether sulfone), vinylpyridine copolymers were prepared. The
grafting efficiency o f vinylpyridine was somewhat lower than observed with
styrene and methyl methacrylate, and the resultant copolymers were only
soluble in DMF. No apparent swelling was detected when the copolymer was
dispersed in either dilute HCI or formic acid. Additionally, ammonium
monomers such as diallyl dimethyl ammonium chloride were not incorporated
onto poly(arylene ether sulfone) due to the sensitivity o f Barton ester to
hydrolysis.
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The 4-vinylpyridine copolymers were subjected to hydrolysis by lithium
hydroxide to remove the grafts for independent analysis. After hydrolysis and
isolation of the graft poly(4-vinylpyridine), analysis was performed by
viscometry o f ethanolic solutions of the grafts. Molecular weight was
determined using the measured intrinsic viscosities and Mark-Houwink
constants from the literature (K*103=25.0 mL/g, a=0.68).K For the grafts from
copolymer DS=0.73, [t|]=0.016, which gives molecular weight 450 or graft
length 4. For grafts from copolymer DS=0.26, [ti]=0.036, which gives
molecular weight 1500 or graft length 14. The Mark-Houwink constants used
were derived from measurements o f samples with molecular weights between
100,000 and 1.3 million; the values may not be accurate for low m olecular
weight polymers.
Additionally, the chain transfer constant C, for phenyl Barton ester with
acrylamide in DMF was determined to be 0.08. This lower chain transfer
constant makes acrylamide useful in the preparation of longer grafts, and
vacuum filtration of the product from organic solvent simplifies isolation. The
precipitation of the acrylamide copolymers during the polymerization process
may lim it the molecular weights of the grafts. Based upon weight gain o f the
polymer, the graft degree of polymerization (DP) was estimated to be only 16.
The acrylamide copolymer is insoluble in water and common organic solvents.
The addition of hydrogen bond breaking lithium chloride salt to solvents
(water, dimethyl acetamide, DMF) did not solubilize the copolymers.
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This insolubility is likely due to the combination of the hydrophobic backbone
and hydrophilic grafts. Quatemization of the graft end-group pyridine nitrogen
by iodomethane did not give the copolymer water solubility.
4.4. Experimental
Carboxylated poly(arylene ether sulfone) samples (Mw=45,000,
Mn=20,000) were obtained from National Research Council-Canada,
synthesis of which has been previously published.54 Differential scanning
calorimetry (DSC) was performed on a Seiko Instruments DSC Series 6200.
Microscopy was performed on an Olympus microscope and images recorded
using a Photometries CH250 charge coupled device camera. Scanning
electron microscopy (SEM) was performed on samples coated with
gold/palladium by an Edwards S150 sputter coater and viewed with a
Cambridge Stereoscan 260 SEM; images were photographed with Polaroid
P/N55 film.
Initial graft copolymerization experiments were performed by grafting
styrene to a poly(arylene ether sulfone) backbone. Carboxylated poly(arylene
ether sulfone) (4.1) (DS=1.0, 1.50 g) was dissolved in 15 g thionyl chloride
and refluxed until evolution of HCI could no longer be detected by litmus
paper. The excess thionyl chloride was evaporated, the acid chloride
derivative was vacuum dried, and then dissolved in dry DCM purged with
nitrogen. The reactor was shielded from light (Al foil) and sodium Noxypyridine-2-thione (1.0 g, 6.7 mmol) was added. The mixture was stirred fo r
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4 hours at room temperature. The resultant Barton ester modified
poly(arylene ether sulfone) was purified by precipitation in methanol, filtered,
and dried. Conversion to Barton ester was confirmed to be DS-0.957 by UVVis spectroscopy (367 nm) o f the 0.2 mg/mL polymer in DCM using the
extinction coefficient measured for phenyl Barton ester in DCM (8=4200).
Similar treatment of 4.1 with DS=0.54 and DS=0.15 yielded Barton esterified
polysulfones confirmed by UV-Vis to have DS=0.525 and DS=0.149
respectively. Grafting was accomplished by adding the poly(aryl ether
sulfone-Barton ester), 4.2, to 10 mL of a stock solution of styrene (75 mole%
in DMF) so that the concentration of Barton ester was 1-100 mM. Irradiation
of samples proceeded under the following conditions: visible light from a 125
W tungsten lamp placed 30 cm from the sample which was kept at 25°C for 24
hours. The poly(arylene ether sulfone)-gra/?-polystyrene samples were
isolated by precipitation in methanol, filtered, and dried. The copolymers were
weighed then analyzed by NMR (see Figure 4.1), IR (see Figure 4.2), SEC
(Table 4.1), and DSC (see Figure 4.4). NMR (CDCI3), 8 (ppm): 1.30-1.90 (3H,
CH2-CH), 2.25 (6 H, 2CH3), 6.30-7.10 (5H, PS Ar), 7.10-7.40, 7.80-8.12 (16H,
Psf Ar). IR (film on NaCI): 1491, 1586 cm’1 (PS Ar), 3026. 2925 cm ' 1 (C-H),
1234 cm'1 (Ar-O-Ar), 1119 cm *1 (Py-S-), 1737 cm*1 (C=0). DSC was
performed on 2-10 mg samples of copolymer in aluminum pans from 25225°C at a rate of 2°C/min. The results are summarized in Table 4.1, and
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DSC traces for a series o f copolymers (DS=0.149, DP=180, 30, 20) and
unmodified 4.1 are shown in Figure 4.4.
Samples of the copolymers, 0.1g, were dissolved in 10 mL THF (with
inhibitor, undistilled). 0.01 g LiOH monohydrate was then added along with 2
drops distilled water. The solutions were heated to 60 °C fo r 24 hours. The
soluble portion was decanted into 50 mL methanol acidified with 1 mL 1M
HCI. This allowed separation of the polystyrene grafts from the insoluble
polysulfone backbone. The precipitated polymer was filtered, dried, and
analyzed by SEC (see Figure 4.3). The graft molecular weights from SEC
were less than 5000.
A film was cast from a solution of 0.3 g copolymer (DS=0.149, graft
DP=180) in 3 mL THF. The film was isolated and examined by SEM; images
were captured at magnifications 1000x and 5000x, Figures 4.5 and 4.6
respectively. A mixture of 0.1 g poly(arylene ether sulfone) and polystyrene
homopolymers was dissolved in 2 mL chloroform and also cast as a film. This
film was isolated and examined under a microscope. Figure 4.7 shows an
image captured at magnification 50x.
Poly(arylene ether sulfone)-graft-polystyrene with DS=0.957 and graft
length= 6 (NMR) was quatemized by iodomethane. Copolymer, 0.10 g, was
dissolved in 2 mL iodomethane. Iodine, 0.01 g, was added as catalyst and
the reaction was stirred at room temperature for 72 hours. The polymer was
precipitated in 30 mL methanol, filtered, and dried; mass=0.09 g. NMR
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(CDCI3) 8 (ppm): 3.83 (3H, quat CH3), 8.0 (1H, Py Ar), 7.75-7.85 (16H, Psf Ar),
2.4 (6 H, Psf CHa), 1.30-1.90 (3H, CH-CHJ.
4.4.1. Additional Graft Copolymers
Graft copolymers of poly(methyl methacrylate), poly(4-vinylpyridine),
and polyacrylamide on poly(arylene ether sulfone) carboxylated with DS~0.74
were synthesized. Poly(4-vinylpyridine) was also grafted to poly(arylene ether
sulfone) with DS=0.26. Poly(aryl ether suifone-Barton ester DS-0.74) was
prepared as above for DS=1.0 except that 1.0 g carboxylated poly(arylene
ether sulfone) and 0.255 g (1.71 mmol) sodium pyridinethione-N-oxide was
used in each case. For carboxylated poly(aryl ether sulfone DS=0.26), 1.0 g
4.1 was used with 0.10 g sodium pyridinethione-N-oxide. Conversion of 4.1
(DS=0.74) to Barton ester polymer 4.2 was confirmed to be DS=0.69 for use
with MMA and DS=0.73 for 4VP and acrylamide by UV-Vis o f the 0.15 mg/mL
sample in DCM. Conversion of 4.1 (DS=0.26) to 4.2 was confirmed to be
DS=0.24 by UV-Vis as above.
4.4.2. Methyl Methacrylate Grafts
For methyl methacrylate, 1.14 g poly(aryl ether suifone-Barton ester)
was dissolved in 8.0 mL DMF, then 21.70 g (217 mmol) MMA was slowly
added while stirring. The slightly cloudy solution was purged with argon then
exposed to visible light as above for 24 hours. The solution was then
precipitated in 300 mL methanol, filtered, and vacuum dried at room
temperature for 48 hours; yield=2.58 g. NMR (CDCI3) 5(ppm): 0.85-1.03 (2H,
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CHj), 1.69-1.82 (1H, CH), 1.90 (6 H, 2CH3)t 3.61 (3H, CH3), 6.93-7.03, 7.227.27, 7.82-8.04 (16H, Psf Ar). NMR provided graft length by integration o f the
PMMA methyl peak (3H, 3.6 ppm) and related to the integration o f the
polysulfone aromatics (16H, 7.2-8.2 ppm), corrected for the degree of
substitution (0.69), Table 4.2.
4.4.3. Vinylpyridine Grafts
4-Vinylpyridine, 20.75 g (198 mmol), was added to a solution o f 1.00 g
poly(aryl ether suifone-Barton ester-DS=0.73) in 5.02 g DMF. The solution
was purged with nitrogen and exposed to visible light as above fo r 24 hours.
The solution was precipitated in 250 mL ethyl acetate, filtered, and vacuum
dried; yield=1.78 g. The copolymer was found to be insoluble in common
solvents except for DMF. NMR (DMF-d7) 5(ppm): 0.93-1.24 (2H, CH 2), 1.992.13 (6 H, 2CH3), 2.85-2.89 (1H, CH), 6.00-6.44 (2H, Py Ar), 6.58-6.61, 7.197.31 (16H, Psf Ar), 7.31-7.55 (2H, Py Ar). NMR provided graft length by
integration of the polyvinylpyridine aliphatic region (3H, 0.93-1.24, 2.85-2.90
ppm) and aromatic region (4H, 6.0-6.5, 7.5-7.8 ppm) and comparing to the
integration of the polysulfone aliphatic region (6 H, 1.95-2.18 ppm) and
aromatic region (16H, 6.6-7.3 ppm). Dividing by the degree of substitution
(0.73) provided the graft length. Table 4.2.
4-Vinylpyridine, 9.00 g (8 6 mmol), was added to a solution o f 1.00 g
poly(aryl ether suifone-Barton ester-DS=0.24) in 2.0 g DMF. The solution was
purged with nitrogen and exposed to visible light as above for 24 hours. The
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solution was diluted with 2 mL methanol, precipitated in 200 mL ethyl acetate,
filtered, and dried. The copolymer dissolved in 9:1 DMFrmethanol and
reprecipitated in ethyl acetate; yield-2.07 g. The copolymer was found to be
insoluble in common solvents except fo r DMF. NMR (DMF-d7) 5(ppm): 0.931.24 (2H, CH2), 1.99-2.13 (6 H, 2CH,), 2.85-2.89 (1H, CH), 6.00-6.44 (2H, Py
Ar), 6.58-6.61, 7.19-7.31 (16H, Psf Ar), 7.31-7.55 (2H, Py Ar), Table 4.2.
Poly(arylene ether sulfone)-gra/f-poly(4-vinylpyridine)s were subjected
to hydrolysis by lithium hydroxide. Both DS=0.24 and 0.73 reactions
proceeded similarly except where noted. Copolymer, 1.00 g o f DS=0.24 and
0.50 g of DS=0.73, was dissolved in 20 mL DMF (10 mL for DS=0.73) with 1
drop water and 0.13 g (3.1 mmol) lithium hydroxide monohydrate (0.08 g for
DS=0.73). The solutions were heated to 60°C for 24 hours. After cooling to
room temperature, 0.13 g (0.3 mmol) aluminum potassium sulfate (0.08 g for
DS=0.73) was added and stirred at room temperature for 1 hour. The solution
was filtered and the solvent removed by rotary evaporation. The poly(4vinylpyridine) was extracted by stirring in 20 mL methanol over a period of 16
hours. The solution was filtered and the polymer precipitated in 200 mL ethyl
acetate. The polymer was isolated by filtration and dried. Mass
P4VP(DS=0.73)=0.30 g, mass P4VP(DS=0.24)=0.29 g. Viscometry on
poly(4-vinylpyridine) samples were performed on ethanolic solutions o f
concentrations 2.5 g/dL diluted to concentrations of 2.0,1.5, and 1.0 g/dL in
an Ubbelohde viscometer.
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4.4.4. Acrylamide Grafts
Acrylamide, 14.01 g (197 mmol), was added to a solution of 1.00 g
poly(aryl ether suifone-Barton ester DS=0.73) in 24.90 g DMF. This caused
the polymer to form a fluffy precipitate in the acrylamide solution. The
heterogeneous mixture was stirred vigorously and exposed to visible light as
above for 24 hours. Acrylamide copolymer precipitated from the DMF solution
during the course of the reaction. The copolymer was isolated by vacuum
filtration, washed with 25 mL DMF then 50 mL THF and dried; yield=2 .7 9 g.
The graft copolymer was insoluble in water, common organic solvents, and
solvents (dimethyl acetamide, DMF, water) with 5% lithium chloride.
A 1.00 g sample of the poly(arylene ether sulfone)-gsa#-polyacrylamide
was slurried in 6 mL iodomethane with 0.01 g iodine for 70 hours. The
quatemized graft copolymer was filtered and washed with methanol then THF,
then the polymer was vacuum dried; mass=0.91 g. Resulting quaternary
ammonium polymer was still insoluble in water.
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CHAPTER 5 CELLULOSE MODIFICATION
5.1. Introduction
Grafting on cellulose improves deficient properties such as vulnerability
to microorganisms which can be counteracted for example by the grafting of
polyacrylonitrile to cellulose .56 Further grafting polyacrylonitrile to cellulose
provides improved wear and a wool-like appearance fo r alternative rug fibers.
W ater absorbency can be improved by grafting of hydrophilic polymers such
as polyacrylamide and poly(acrylic acid )57 which can be obtained from
hydrolysis of grafted polyacrylonitrile. Ozonation of rayon to provide
hydroperoxide groups, followed by emulsion in methyl methacrylate and
subsequent thermal degradation of the hydroperoxides produced graft
copolymers with increased resistance to water and microorganisms.58
Cellulose acetate membranes for desalination had increased resistance to
compaction and tensile creep after the grafting of polystyrene effected by "C o
irradiation .4 Daly and Lee8 have grafted polypeptides to cellulose derivatives
for potential use in reverse osmosis membranes and chiral resolution.
5.2. Grafting from Carboxymethyl Cellulose
Graft copolymers were synthesized from carboxymethyl-cellulose
(CMC) as shown in Scheme 5.1. Three grades of CMC were used in the
grafting experiments. Each grade exhibited a molecular weight ca. 250,000,
but the degree of substitution varied, i.e. DS=0.7, 0.9, or 1.2. Barton esters
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Scheme 5.1. Grafting to carboxymethyl cellulose
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were synthesized on the cellulose by using a mixed anhydride intermediate
5.1 .4159 The carboxylate groups were first reacted with isobutyl chloroformate
to form the mixed anhydride, then sodium 2-mercaptopyridine-N-oxide was
added to form the Barton ester polymer 5.2. The extent o f Barton ester
formation was estimated by UV-Vis of a 0.2 g/mL sample of the polymer in
chloroform utilizing the previously used extinction coefficient e=4200. The OS
o f the Barton esters on each sample were 0.7,0.9, and 1.2 respectively.
Reaction of CMC with isobutyl anhydride interfacially did not give
significant yield. Integration o f the product showed 10% yield o f mixed
anhydride. Previous research by Pemikis to react CMC with chloroformates
interfacially also did not give high yields (16%).80 The heterogeneous nature
o f the reactions with CMC hinders further derivation.
The modified cellulose samples were then slurried in styrene and
subjected to visible light to form graft copolymer 5.3. The results of the
copolymerization experiments are compiled in Table 5.1. Graft length was
calculated from NMR spectra by comparing the integrations of polystyrene
peaks (8 H, 8:1.2-2.2,6.3-7.2) with carboxymethyl and cellulose C6 protons
(4H, 8 :3.5-3.9, 5.1-5.4, S.6-5.9) and correcting for degree of substitution. The
graft lengths calculated from NMR and mass increase were in agreement.
Samples were subjected to extraction by cyclohexane and tested for
solubility in organic solvents. The percent soluble in cyclohexane was
calculated from UV-Vis data using the previously reported extinction
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Table 5.1. Properties of CMC-graft-polystyrene copolymers
DSa Substrate % Mass
Graft DP
Graft DP
%soluble in:
mass (g)
increase (by mass) (by NMR) toluene, cyclohexane
0.7 1.56
13
12
319
90
7
11
0.9 1.30
13
422
7
93
1.07
11
13
1 .2
635
95
7
• [l](mM) = 91, in styrene
coefficient (e=184) for polystyrene .61 Absorption due to residual styrene
monomer is also possible. In any case, the amount of homopolymer formed is
low (7%). Chloroform, THF, and toluene were all tested as solvents. All
solvents showed a small insoluble fraction, and the amount insoluble in
toluene was found to be 7%, and may be due to inhomogeneities in the CMC
itself.
SEC experiments assume that the dn/dc for homopolystyrene is
applicable. Molecular weights (Mw) for the copolymers DS=0.7, 0.9, and 1.2
measured by SEC-MALLS applying the dn/dc for polystyrene were 200,000,
180,000 and 170,000 respectively. These low values make graft length
calculations impossible, and indicate that chain breaking reactions are
occurring to some extent along with grafting. The IR spectra (Figure 5.1) do
not show peaks characteristic of carbonyl groups, indicating that
decarboxylation occurs before any reactions with styrene. Backbone
cleavage of cellulose has been previously noted as a side reaction to free
radical grafting ,62 probably through eliminations beginning with the formation
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o f formaldehyde noted by Bough63 and Phillips .64 Carboxymethyl substitution
at the 2 position is a potential site for cleavage.
5.3. Grafting from Hydroxypropyl Cellulose
Hydroxypropyl cellulose (HPC) derivatives with molecular weights
100,000 or less are soluble in THF allowing for convenient functionalization to
Barton carbonate derivatives which require anhydrous conditions. Formation
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Figure 5.1. Infrared spectra of styrene graft copolymers of a.CMC and
b. HPC
o f the Barton carbonate derivative of hydroxypropyl cellulose and subsequent
polystyrene grafting is shown in Scheme 5.2. Reaction of the hydroxyl groups
o f hydroxypropyl cellulose (M.W. 60,000) with 1-oxa-2-oxo-3-thiaindolizinium
chloride in THF yields the Barton carbonate derivative 5.4. The form ation of
Barton carbonate was confirmed by UV-visible spectroscopy utilizing the
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previously used extinction coefficient e=4200 for phenyl Barton ester, and
yield was found to be 92% (DS=0.69). This result was in fair agreement with
results obtained by NMR experiments with integration of the characteristic
Barton carbonate peaks (4H, 5:7.6-8.1, 8.3-8.5, 8.7-9.0) and hydroxypropyl
group peaks (3H, 5:3.1-3.5, 3.8-4.1) and correcting for molar substitution (3.3)
which indicates a yield of 83%.
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Scheme 5.2. Grafting to hydroxypropyl cellulose
The dissolution of the Barton modified HPC in a stock solution of
styrene (75 mole % in DMF) and subsequent photolysis provided
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hydroxypropyl cellulose-gra/f-polystyrene 5.5. A 360 % mass increase at 6 %
styrene conversion was observed; the mass increase indicates a graft length
o f 13. NMR (Figure 5.2) o f the copolymer indicates a graft length o f 7 by
comparing the integration of the polystyrene aliphatics (3H, 5:1.0-2.2) and the
hydroxypropyl cellulose protons (5H, 5:3.5-3.9, 3.95-4.2, 5.15-5.4, 5.6-5.9)
and correcting for degree o f substitution (0.69).

II

*(
I

3 .0

2 .0

Figure 5.2. NMR spectrum of HPC-gra/f-polystyrene
SEC of the copolymer gave Mw=143,000 and Mn=104,000. The
molecular weight increase gives an estimated graft length of 7. The increase
in molecular weight also indicates that chain cleavage is minimized. Our
hypothesis that reactions occur at the hydroxypropyl groups is based on the
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hydrogen bonding that makes the cellulose hydroxyl groups less accessible.
Additionally, IR analysis (Figure 5.1) shows a carbonyl peak at 1743 cm *1
indicating that decarboxylation does not occur before styrene polymerization.
The greater stability o f the carbonate radical minimizes chain cleavage.
A film of the copolymer was cast from THF and examined by SEM at
magnifications 1000x and 5000x, Figures 5.3 and 5.4 respectively. The

Figure 5.3. SEM o f HPC-graff-polystyrene, magnification 1000x
phase separations are approximately 1-5 microns. A mixture of HPC and
polystyrene homopolymers was also dissolved in THF and cast as a film . The
film could not be removed from its glass surface without fracturing, and was
examined on the glass plate under a microscope. An image o f a phase
boundary and air bubble was taken at magnification 50x, Figure 5.5.
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The separate phases were over 500 microns across and visible to the naked
eye. The copolymer clearly had increased homogeneity and improved film forming properties over the blend.

Figure 5.4. SEM of HPC-gra/f-polystyrene, magnification 5000x
Grafting o f polyacrylamide from HPC was accomplished from Barton
carbonate groups present in DS 0.73 by UV-Vis spectroscopy (Yield=97%).
Mass increase was 695%, indicating graft length o f 47. NMR (D20 ) indicates
polyacrylamide graft length of 23 by comparison o f peak integrals of
polyacrylamide (3H, 5:1.40-2.00, 2.05-2.50) and the hydroxypropyl chain (3H,
5:3.04-3.11, 3.60-3.77) and correcting for degree o f substitution (0.73).
Quatemization of the pyridine ring by iodomethane was 30% by NMR
found by integration o f the quaternary ammonium methyl (3H, 5:3.60 ppm)
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and a pyridine hydrogen (1H, 5:8.07 ppm). Additionally, graft length remained
23. Low yield on quatemization is due to the heterogeneous reaction
conditions, that is, the insolubility o f the copolymer in iodomethane. These

Figure 5.5. Optical micrograph of a HPC/polystyrene mixture
water-soluble graft copolymers with ionic graft end-groups are of interest due
to the colorimetric interaction o f quaternary nitrogen containing polymers with
boronic acid-derived macrocycles,65 synthesis of which has been
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previously published.66 The colorimetric response has potential use in sensor
applications.
5.4. Experimental
Carboxymethyl cellulose, CMC, samples were obtained from Aldrich
and had Mw ca. 250,000 and DS=0.7, 0.9, 1.2. Hydroxypropyl cellulose
(HPC), nominal molecular weight 60,000, was obtained from Scientific
Polymer Products. The copolymers were analyzed by SEC-MALLS as
described in section 2.5 except that toluene was used as solvent.
CMC samples with D.S. = 0.7, 0.9, 1.2 were used (1.07-1.56 g, 5 mmol
carboxylic acid). The polymers were slurried in pyridine in 1% w/v
concentration. The mixtures were cooled to-15°C. Isobutyl chloroformate,
0.69 g (5 mmol), was added and stirred for 20 minutes under nitrogen
atmosphere. Sodium N-oxypyridine-2-thione, 0.75 g (5 mmol), was then
added and the mixture was stirred in the dark for 1 hour under nitrogen at 15°C. The modified cellulose was dried by evaporation using nitrogen at room
temperature. Conversion of Barton ester was confirmed by UV-Vis
spectroscopy of 0.2 mg/mL samples in chloroform (8=4200) to be >99%.
CMC, DS 1.2, 0.22 g, was dissolved in 22 mL water and layered over a
solution of 0.28 mL isobutyl chloroformate and 0.28 mL N-methylmorpholine in
22 mL DCM. The layers were allowed to sit for 48 hours at 4°C. The layers
were evaporated under nitrogen and then vacuum dried for 24 hours. NMR
(CDCI3) 8 (ppm): 0.63-1.18 (8 H, CH3-CH-CH 2-CH3), 2.46-4.10 (11H, CMC).
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Comparison of the carboxymethyl cellulose region (11H, 5:2.40-4.20) and
isobutyl region (8 H, 5:0.54-1.18) integrates to give 10% yield of mixed
anhydride.
The Barton esterified-celluiose was slurried in 55 mL styrene and the
sample was irradiated with visible light. The resulting copolymer was diluted
with 10 mL THF, precipitated in 700 mL methanol, filtered, and dried. The
graft copolymers were weighed, then analyzed by NMR, IR (Figure 5.1), and
SEC (M w=200000,180000, and 170000 respectively). NMR (CDCI3) 5(ppm):
1.30-1.60 (2H, PS CH^, 1.70-2.0 (PS CH), 3.65-3.80 (2H, 0-CH 2-COO), 5.26,
5.78 (2H, C(6 )H2). IR (NaCI): 3025, 2922 cm *1 (C-H), 1600, 1491, 1450 cm *1
(PS), 1119 cm *1 (Py-S-), Figure 5.1.
Solutions of the CMC-gra/f-polystyrene copolymers were made in
chloroform, THF, and toluene. Copolymer solutions (10 wt% in toluene) were
filtered through a fritted funnel to remove any insoluble fraction, and the mass
of the insoluble portion was measured. Extractions o f the copolymers were
performed using cyclohexane at 34°C. The extraction mixture was filtered
through a 0.2 micron filter (Whatman) and analyzed by UV-Vis spectroscopy
indicating polystyrene was 7% of the sample.
5.4.1. HPC-graff-polystyrene
To a solution of 0.6 g hydroxypropyl cellulose, HPC, in 60 mL THF
shielded from light with aluminum foil and under nitrogen atmosphere, 0 .2 0
mL pyridine and 0.323 g (1.70 mmol) 1-oxa-2-oxo-3-thiaindolizinium chloride
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was added. The mixture was stirred at 60°C for 16 hours. After the solution
cooled to room temperature, reaction to Barton carbonate was confirmed by
UV-Vis spectroscopy (1% reaction mixture in THF, 327 nm, e=4200); A=1.15,
yield=92%.
THF was removed from HPC-Barton carbonate 5.4 by rotary
evaporation. NMR (CDCI3) 5(ppm): 1.10 (3H, CH3), 3.41 (2H, CHJ, 3.88 (1H,
CH), d 7.76,17 .9 5 ,18.43, d 8 .8 8 (4H, CH=CH-CH=CH). The polymer was
then dissolved in 42 g stock solution of 75 mole % styrene in DMF. The
solution was purged with nitrogen and then exposed to visible light as above
at 25°C for 24 hours. The polymer 5.5 was precipitated with methanol, filtered
and dried. The polymer was weighed, then analyzed by IR (Figure 5.1), NMR
(Figure 5.2), and SEC (Mw=140000). IR (KBr): 3025, 2922 cm 1 (C-H), 1743
cm *1 (C=0), 1600, 1491, 1450 cm*1 (PS), 1120 cm*1 (Py-S-). NMR (CDCI3)
8 (ppm):

0.90 (3H,CH3), 1.25-1.65 (2H, PS CH2), 1.70-2.05 (1H, PS CH), 3.55-

3.70 (2H, CH2), 4.11 (1H, CH), 5.27, 5.76 (2H, 0 ( 6 ^ , 6.60-7.20 (5H, PS Ar).
The copolymer, 0.3 g, was dissolved in 3 mL THF and cast as a film.
The film was isolated and analyzed by SEM; Figures 5.3 and 5.4 show images
at magnifications 1000x and 5000x respectively. Additionally, a mixture of 0.1
g HPC and 0.1 g polystyrene homopolymers was dissolved in 2 mL THF and
also cast as a film. This film was left on glass and analyzed under a
microscope at magnification 50x, Figure 5.5.
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5.4.2. HPC-graff-polyacrylamide
For copolymerizatiom with acrylamide, 0.60 g of HPC was dissolved in
60 mL THF along with 0.2 mL pyridine and allowed to stir for 8 hours. To this
solution was added 0.24 g (1.3 mmol) 1-oxa-2-oxo-3-thiaindolizinium chloride,
and the mixture was heated to 65°C for 16 hours while shielded from light by
Al foil. After the solution was allowed to cool to room temperature, conversion
to the Barton carbonate was confirmed by UV-visible spectroscopy at 327 nm
(e=4200) of a 1.00% solution of the reaction mixture in THF; A=0.87, yield =
97%, degree o f substitution DS = 0.73.
Acrylamide, 13.60 g (0.1914 mol, 3.19 M), was then added to the
reaction mixture, which was then purged with nitrogen. The solution was
exposed to visible light from a 150 W tungsten lamp placed 30 cm from the
reaction flask at 25 °C for 24 hours. The copolymer that precipitated out of the
THF solution as the reaction proceeded was filtered and washed with an
additional 60 mL THF, then vacuum dried at room temperature for 48 hours;
yield = 4.77 g, acrylamide conversion = 31%. NMR (D20 ) 5(ppm): 1.15 (3H,
CH3), 1.55-1.85 (2H, CHa), 1.91-2.22 (1H, CH), 3.08 (2H, CHJ, 3.74 (1H, CH),
5.90, 6.23 (2H, C ^ H ^ .
The copolymer, 1.00 g, was slurried in 5 mL iodomethane with 0.01 g
iodine for 72 hours. THF, 10 mL, was then added, and the polymer was
filtered, washed with an additional 10 mL THF, then vacuum dried at room
temperature for 30 hours, yield = 0.92 g. NMR (DzO) 5(ppm): 1.15 (3H, CH3),
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1.55-1.85 (2H, CHJ, 1.91-2.22 (1H, CH), 3.08 (2H, CH*), 3.60 (3H, CH3), 3.74
(1H, CH), 5.90, 6.23 (2H, C(6 )H2), 8.07 (1H, Py Ar) indicates polyacrylamide
graft length remained 23; quatemization of the pyridine ring was 30%.
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CHAPTER 6 CONTROLLED RADICAL POLYMERIZATION
6.1. Synthesis o f TEMPO Unimers
Polymerizations o f styrene and methyl methacrylate by Barton esters
are not controlled radical polymerizations in that they do not have the living
characteristics that anionic polymerizations have. Attem pts to heat the
polymerization reactions to high temperatures did not help. PMMA initiated by
phenyl Barton ester at 80°C had constant molecular weight o f 57,000.
Polystyrene initiated by f-butyl Barton ester at 130°C had a constant molecular
weight of 96,000. The pyridine thiyl radical did not act as a stable free radical
for controlled radical polymerizations. Using Barton esters, however, to
produce radicals for trapping with the stable TEMPO free radical did give
positive results.
Synthesis o f TEMPO unimers (adducts of one monomer residue and
TEMPO) was accomplished through decomposition of Barton esters in the
presence of styrene and TEMPO as shown in Scheme 6.1. Barton esters that
readily decarboxylate can capture TEMPO in the absence o f added vinyl
monomer. The TEMPO adducts were successfully synthesized and isolated
but in modest yields.
The gas chromatography (GC)-MS results of the trapping reactions with
low molecular weight Barton esters do not reveal parent ions, but
fragmentation is indicative o f the products. For instance fragm ents at 104
(styrene) and 156 (TEMPO) mass units are present along with mass 121
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indicating the benzoate ion from a McLafferty rearrangem ent Other products
including thiopyridines (R-SPy) were present

+

*o — N

Scheme 6 .1. Synthesis o f TEMPO unimers
The benzoyloxy-styrene-TEMPO adduct 6.1 was obtained in 23% yield
after chromatography. The NMR (CDCI3) 5(ppm): 0.66, 1.03, 1.21, 1.41 (each
-CH3), 1.12-1.49 (3 -CH2-), (0.66-1.49, 18H), 3.44 (J=8 Hz, 1 H, CHH), 4.12
(J= 8 Hz, 1 H, CHH), 4.97 (J=4Hz, 1 H, CH), 6.4-8.3 (10 H, ArH) is in
agreement with Hawker.67 The f-butyl-styrene-TEMPO adduct was obtained
in 24% yield. Hawker67 suggests that 80°C is an optimum temperature for
trapping with the TEMPO radical and optimum yield for the benzoyloxystyrene-TEMPO adduct was 42%. Our room temperature synthesis provided
a lower yield o f 23%. Interference from the molecularly induced homolysis of
Barton ester to yield thiopyridines also reduces yield.
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Aliphatic Barton esters were used to yield carbon centered radicals for
direct reaction with TEMPO. Synthesis of f-butyl-TEMPO by decomposition of
terf-butyl Barton ester in the presence of TEMPO gave a 32% yield.
Reactions of aliphatic Barton esters in the presence o f TEMPO provided only
slightly improved yield o f TEMPO adduct. Synthesis o f 1-phenylethyi-TEMPO
from 2-phenylpropionic Barton ester eliminated the need for styrene in the
reaction also and provided a styryl derivative, but only slightly improved yield
(27%). Additionally, a convenient method for the crystallization o f the 2,2dipyridyl disulfide by-product from OCM and ethyl acetate was discovered,
and yield o f this reaction by-product was high (75%) in the reaction forming 1phenylethyl-TEMPO.
6.2. C ontrolled G rafting from Poly(arylene ether sulfone)
Synthesis of TEMPO adducts to a poly(arylene ether sulfone)
backbone was completed utilizing a Barton ester intermediate 4.2 (Scheme
6.2). Integration of NMR signals 5:0.90-1.49 (18H, TEMPO fragment), 5:1.501.85 (6 H, polysulfone methyl groups), and 5:3.54-3.85 (3H, styryl aliphatic
portion) indicates a 31% yield o f TEMPO adduct on the poly(arylene ether
sulfone) backbone, with the TEMPO and styrene regions giving results in
agreement. The yield o f TEMPO adducts on a poly(arylene ether sulfone)
substrate was higher than that achieved with unimers, 31 %, probably due to
the ease of isolation o f the polymer by precipitation. Grafting of polystyrene
from the poly(arylene ether sulfone) 6 .2 was completed by controlled radical
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polymerization from the grafted TEMPO initiators to give graft copolym er 6.3.
Aliquots approximately 1 mL of the reaction mixture were taken at 12 hour

c=o
styrene, TEMPO, hv, 25°C

styrene, 130°C

Scheme 6.2. Controlled radical grafting from poly(arylene ether sulfone)
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intervals and precipitated in methanol. The masses of the samples are shown
in Table 6.1, and the total conversion of styrene monomer was 53%.
Copolymer analysis by NMR was inconclusive as the proton
concentration o f the poly(arylene ether sulfone) backbone is low and was not
detectable. Copolymer analysis by SEC-LALLS was also difficult for two
reasons: firs t the change in hydrodynamic volume with grafting is not
accurately measured; and second, the dn/dc fo r such copolymers was not
measured and only estimated as the dn/dc for polystyrene homopolymer. The
number average m olecular weights of the copolymers are contained in Table
6 .1 .

Copolymer polydispersities were 2.25, 2.24, 1.89, and 1.82, respectively.
The removal o f the grafts from the backbone was completed by basic

hydrolysis of the ester linkage that le Barton ester moieties afford. SEC o f
the polystyrene grafts show that Mnfor the grafts increased with time and
have narrow (<1.4) polydispersities as shown in Table 6.1; indicators of
controlled radical polymerization. The SEC curves for the grafts are shown in
Figure 6.1.
The controlled radical graft copolymerization allows for the synthesis of
higher molecular weight grafts with less polydispersity, and provides potential
for the addition of other monomers to form grafts of a block copolymer nature.
6.3. C ontrolled G ra ftin g from H ydroxypropyl C ellulose
Controlled radical grafting from HPC was accomplished utilizing
TEMPO adducts formed from the HPC-Barton carbonate
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Table 6.1. Molecular weight and polydispersity of grafts from
poly(arylene ether sulfone)-TEMPO adducts
Rxn Time (h)

Sample mass (g)

Copolymer Mn

G raft Mn

Graft PD

12

0.47 8

60,000

42,000

1.25

24

0.54 8

70,000

58,000

1.35

36

0.52 8

80,000

71,000

1.25

48

6.08

95,000

89,000

1.37

a. Recovered from 1 mL aliquot o f polymerization mixture
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Figure 6 .1 . SEC curves for polystyrene grafts removed from poly(arylene
ether sulfone), polymerization times: a. 12 hrs, b. 24 hrs, c. 36 hrs, d. 48 hrs
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derivative 5.4 (Scheme 6.3). The yield o f Barton carbonate measured by
UV-Vis spectroscopy was 84%, DS=0.84. Photolysis of 5.4 in styrene and
TEMPO provided graft adduct 6.4. The yield of TEMPO adduct formed from
the Barton carbonate measured by NMR was 49%, DS=0.41. Heating the
macroinitiator in styrene provided the graft copolymer 6.5. Aliquots
approximately 1 mL were taken from the polymerization mixture and
precipitated in methanol. Masses o f copolymerization samples totaled 6.73 g
and are listed in Table 6.2. Total styrene conversion was 36 %. Copolymer
analysis by NMR was inconclusive as the cellulose backbone is too small a
proportion of the polymer composition to be detected. Copolymer analysis by
SEC-LALLS was also difficult for two reasons: first, the change in
hydrodynamic volume with grafting is not accurately measured; and second,
the dn/dc for such copolymers was not measured and only estimated as the
dn/dc for polystyrene homopolymer. The branched nature o f the copolymers
provides low estimates of molecular weight (Table 6.2), and polydispersities
were high due to the poiydisperse backbone: polydispersities were 1.86, 1.87,
2.03, and 2.03 respectively.
Isolation of the polystyrene grafts was accomplished by the acid
hydrolysis of the cellulose backbone and carbonate linker. The analysis of the
purified polystyrene grafts by SEC-LALLS then provided the molecular
weights and polydispersities o f the polystyrene grafts contained in Table 6.2.
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Also, the SEC differential refractometer traces for the grafts are shown in
Figure 6.2.
The grafting experiments show that TEMPO adducts can be formed
utilizing Barton ester intermediates. This is the first use o f controlled radical
grafting from cellulose. The use of TEMPO to control radical grafting allows

CH— CH2— OCH2\ ^

ch3

-

^

2

^

HO

°

"

OH

styrene, TEM PO, hv, 25<>C

5j4

N—O—CH2— CH— O— C — O .
CH— CH2— O C H 2>

'CD

^

6.4

HO'

'O H

styrene, 130oC

N—0-(-C H 2— CH-)rrO— C — O .
CH— CH2— OCH2
o

j

cH s

£5
Scheme 6.3. Controlled radical grafting from hydroxypropyl cellulose
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Table 6.2. Molecular weight and polydispersities of grafts from
HPC-TEMPO adducts
Rxn time (hrs)

Sample mass (g)

Copolymer Mn

Graft Mn

Graft PD

12

0.07 a

56,000

28,000

1.34

24

0.43a

78,000

54,000

1.28

36

0.74a

80,000

61,000

1.40

48

5.49

82,000

62,000

1.52

a. Recovered from 1 mL aliquot of polymeization mixture

0.05

0.04

f

0.03

8
1=

a

$

0.02

fr

B

0.01

0.00

400

425

450

475

500

E lu tio n T im e (s )

Figure 6.2. SEC curves for polystyrene grafts removed from HPC,
polymerization times: a. 12 hrs, b. 24 hrs, c. 36 hrs, d. 48hrs
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fo r higher molecular weight grafts to be formed, and the living nature o f the
polymerization gives potential for the formation o f block copolymers as grafts.
6.4. E xperim ental
Gas chromatography-mass spectrometry (GC-MS) was performed with
a Hewlett-Packard model 5971 gas chromatograph mass spectrometer
equipped with an electron ionization source. The samples polymerized in the
presence o f TEMPO were analyzed by SEC-low angle laser light scattering
(LALLS) consisting of a Waters 6000-A HPLC pump, Chromatix KMX-6
LALLS detector, and an Altex Model 156 DRI. The polymers were dissolved
in THF (chromatography grade, with inhibitor) and eluted at a flow rate o f 1.0
mL/min through a Polymer Laboratories Mixed-B column.
Phenyl Barton ester, 0.49 g (2.1 mmol), was dissolved in 20.10 g (0.2
mol) methyl methacrylate and heated shielded from light at 80°C for 24 hours.
Samples were taken every 4 hours for analysis by SEC. Total
conversion=51%. f-Butyl Barton ester, 0.33 g ( 1.6 mmol), was dissolved in
16.65 g styrene (0.16 mol) and heated to 130°C shielded from light for 4
hours. Samples were taken every hour for analysis by SEC, and total
conversion=42%.
6.4.1. Unim er Preparation
Phenyl Barton ester, 2.70 g (11.7 mmol), and 5.30 g TEMPO (33.4
mmol) were dissolved in 135.0 g (1.30 mol) styrene, and the solution was
purged with argon. The solution was then exposed to visible light from a
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125 W tungsten lamp, 30 cm from the sample, 25°C, for 72 hours. A sample
o f the reaction mixture was diluted with methanol and analyzed by GC-MS.
The styrene was then removed by rotary evaporation at 60°C. The residue
was dissolved in a 1:1 v/v mixture of hexane:DCM and purified by previously
published procedure.67 The product was weighed and then analyzed by NMR
(CDCI3) 8 (ppm): 0.66, 1.03,1.21, 1.41 (12H, each -CH3), 1.12-1.49 (6 H, 3 CH2-), (18H, 0.66-1.49), 3.44 (J=8 Hz, 1H, CHH), 4.12 (J= 8 Hz, 1H, CHH), 4.97
(J=4Hz, 1H, CH), 6.4-8.3 (10H, ArH), yield = 23%.
f-Butyl Barton ester, 2.10 g (10 mmol), and 1.57 g (10 mmol) TEMPO
were dissolved in 10.4 g (100 mmol) styrene, and the solution was purged
with argon. The solution was heated to 80°C and shielded from light for 6
hours. A sample of the reaction mixture was diluted with methanol and
analyzed by GC-MS. The styrene was removed by rotary evaporation at
60°C. Impurities were extracted by a 9:1 hexane: chloroform mixture. The
solid adduct was vacuum dried, weighed, then analyzed by NMR (COCI3),
5(ppm): 1.60 (s, 9H, tBu), 0.81, 1.05, 1.20,1.35 (12H, each -CH3), 1.40-1.65
(6 H, each CHJ, 3.27 (J= 8 Hz, 1H, CHH), 3.66 (J=8 Hz, 1H, CHH), 5.02 (J=4Hz,
1H, CH), yield =24% .
f-Butyl Barton ester, 1.06 g (5.0 mmol), and 2.34 g (15 mmol) TEMPO
were dissolved in 20 mL benzene and exposed to visible light as above for 72
hours. Benzene was removed by rotary evaporation. The product was
dissolved in 8 mL DCM and crystallized with 24 mL hexane. The product was
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purified by flash chromatography using 4:1 OCMrhexane increasing to 9:1
DCM:hexane, yield=32%. NMR (CDCI3) 5(ppm): 1.51 (s, 9H, tBu), 1.59-1.62
(6 H, 3 CHj), 1.42, 1.65, 1.69, 1.78 (12H, 4 CH3).
2-Phenylpropionic Barton ester was made from 2-phenyipropionic acid
by previously published general procedure27 and isolated as an oil; yield= 8 8 %.
The thiohydroxamic ester o f 2-phenyipropionic acid, 1.00g (3.86 mmol), was
dissolved in 10 mL DCM and 10 mL benzene, then 1.81 g (11.6 mmol)
TEMPO was added. The solution was purged with argon, then exposed to
visible light as above. The solvent was removed by vacuum. The reaction
mixture was purified by silica gel chromatography eluting with 2 :1
hexane:DCM gradually increasing to 9:1 DCM:hexane, then pure DCM, and
finally with 9:1 DCM:isopropanol to give 1-phenylethyl-TEMPO in 27% yield.
NMR (CDCI3), 5(ppm): 0.78, 0.95, 1.01, 1.34 (each s, 12H, 4 CH3), 1.40-1.60
(m, 6 H, 3 CHj), 1.80 (d, 3H, CH3), 5.06 (q, 1H, CH), 7.02-7.55 (m, 5H, ArH).
Further, the by-product, 2,2’-dipyridyl disulfide, can be recrystallized from a
solution of the reaction products in DCM by addition of an equal amount of
ethyl acetate; 75% yield, m.p. 223-224. NMR (CDCI3), 8 (ppm): 7.13-7.30
(4H), 7.57-7.62 (2H), 8.27-8.30 (2H). Mass (El): 220.
6.4.2. Poly(arylene ether sulfone)-TEMPO Adducts
Carboxylated poly(arylene ether sulfone) (D.S. = 1.0), 4.1, 0.5 g, was
dissolved and refluxed in 15 mL thionyl chloride for 24 hours. Conversion to
acid chloride was confirmed utilizing litmus paper to determine that HCI
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evolution had ceased. The thionyl chloride was removed by evaporation and
then vacuum dried. The polymer was then dissolved in dry DCM which had
been purged with nitrogen. Sodium N-oxypyridine-2-thione, 0.5 g (3.3 mmol),
was then added with the reaction shielded from light and stirred for 3 hours.
The polymer was precipitated in methanol, filtered, and vacuum dried. The
Barton ester-modified polymer was dissolved in 14.04 mL styrene and 3.16
mL DMF along with 0.48 g TEMPO. The solution was purged with argon, then
exposed to visible light from a tungsten lamp for 23 hours. The solution was
diluted with 10 mL THF and precipitated in 250 mL methanol. The TEMPO
modified polymer 6.2 was dissolved in 10 mL DCM and reprecipitated in 100
mL methanol, filtered and dried (recovered 0.49 g). The addition o f TEMPO to
the poly(arylene ether sulfone) was determined to be DS=0.31 by NMR (in
methyl sulfoxide-d 6 ). NMR (DMSO-d6 ), 8 (ppm): 0.90,1.05, 1.16, 1.21-1.35,
1.49 (18H, TEMPO), 1.50-1.80 (6 H, Psf CH3), 3.54, 3.75, 3.85 (3H, CH-CH2),
6.79-7.19, 7.20-7.35, 7.75-8.16 (21H, Ar). The integration of the TEMPO
region (18H, 0.90-1.49 ppm) and styryl aliphatic region (3H, 3.45-3.90 ppm)
compared to the polysulfone aliphatic region (6 H, 1.50-1.85) gave the yield of
31%.
TEMPO-modified poly(arylene ether sulfone), 0.2g, was dissolved in
13.95 g styrene and 2.64 g DMF along with 4.2 mg TEMPO (10% excess).
The solution was purged with argon then heated to 130°C. Samples of the
polymerization mixture (1-2 mL) were taken at 12, 24, and 36 hours, then the
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polymerization was stopped at 48 hours. The samples o f copolymer 6.3 were
precipitated in methanol, filtered, dried, and weighed.
Each sample, 0.2 g, was dissolved in 10 mL THF (with inhibitor) along
with 1 drop distilled water and 0.1 g (4.2 mmol) lithium hydroxide (99.95%).
The solutions were heated to 67 °C under water-cooled condensers for 24
hours. The solutions were precipitated in methanol acidified with 1 mL 1M
HCI solution. The polystyrene liberated was then selectively dissolved in THF
and reprecipitated in methanol. The polystyrene samples were analyzed by
SEC-LALLS.
6.4.3. HPC-TEMPO Adducts
To a solution of 0.6 g HPC in 60 mL dry THF shielded from light with
aluminum foil and under nitrogen atmosphere, 0.50 mL pyridine and 0.323 g
(1.70 mmol) 1-oxa-2-oxo-3-thiaindolizinium chloride was added. The mixture
was stirred at 65°C for 16 hours. After the reaction cooled to room
temperature, a 0.30 mL aliquot was taken for analysis by UV-visible
spectroscopy (1% solution o f reaction mixture in THF) (e=4200 for phenyl
Barton ester in DCM), A=1.05. The THF was removed by rotary evaporation,
and the polymer was then dried under vacuum for 2 hours. The polymer was
then dissolved in 15.45 grams of the styrene/ DMF stock solution (75 mole %
styrene). TEMPO, 0.5340 g (3.41 mmol), was then added. The solution was
purged with argon then exposed to visible light from a tungsten lamp at 25°C
fo r 40 hours. The volume of solution was reduced by rotary evaporation, then
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the polymer was precipitated with a 90 % v/v hexane/acetone solution. A fter
stirring for 1 hour, the polymer was filtered, then slurried in 6 mL o f a 50 % v/v
mixture o f THF and acetone. The polymer 6.4 was reprecipitated with 30 mL
hexane, stirred for 1 hour, filtered, and dried. The TEMPO-modified HPC was
weighed and analyzed by NMR (CDCI3), 8 (ppm): 1.11 (3H, CH3), 0.88, 1.26,
1.38, 1.54-1.58,1.71 (18H, TEMPO). 2.88, 2.96, 4.31 (3H, styryl CH 2-CH),
3.35-4.00 (3H, HPC CH2-CH), 7.07-8.02 (5H, Ar), yield=0.73 g.
The TEMPO-modified polymer 6.4 was dissolved in 59.20 g (0.569
moles) styrene and 10.66 g DMF. 0.0178 g (0.11 mmol) TEMPO was then
added, and the solution purged with argon. A 20.42 g sample o f the solution
was heated to 129°C for 48 hours with approximately 1 mL aliquots taken
every 12 hours for analysis. Samples o f graft copolymer 6.5 were precipitated
in methanol, filtered and dried. Samples were weighed then analyzed by
NMR and SEC-LALLS. NMR (CDCI3), 8 (ppm): 1.2-2.2 (3H, PS CH 2-CH), 6.37.2 (5H, PS Ar).
The HPC-gra/f-polystyrene copolymers were subjected to hydrolysis by
6

M HCI. Samples, 0.1 g, of the copolymers (0.05 g of the sample taken at 12

hours) were dissolved in 12 mL THF (undistilled, with inhibitor) and 3.0 mL 6
M HCI and refluxed for 48 hours. The solutions were precipitated in mixtures
o f 60 mL methanol and 6.0 mL o f 3 M NaOH. The polymers were filtered and
washed with 20 mL distilled water and 20 mL methanol, then vacuum dried.
The polystyrenes were analyzed by SEC-LALLS.
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CHAPTER 7 CONCLUSIONS
7.1. Research Summary
Polymerization o f vinyl monomers initiated by Barton esters has been
accomplished. Asymmetric homolytic decomposition of Barton esters
provides a radical capable o f initiating free radical polymerizations of
monomers including styrene, methyl methacrylate, 4-vinylpyridine, and
acrylamide. Homolysis is induced by free radical attack at the thiohydroxamic
sulfur. Chain transfer that results from this induced decomposition provides a
means for controlling polymer molecular w eight The initiation and chain
transfer reactions also provide end groups of known composition. The rate o f
polymerization of styrene, and chain transfer constants for styrene and
acrylamide have been determined.
The asymmetric decomposition of Barton esters make them useful in
the initiation of graft copolymerization. Decomposition to provide a reactive
polymer macroradical allows for the initiation o f a polymer chain from the
polymer backbone. Liberation of a less reactive pyridinethiyl radical minimizes
the formation of homopolymer. Graft copolymers from polystyrene derivatives
were synthesized to show the feasibility of this method. Acrylates were found,
however, to suffer from chain cleavage reactions, and are less suitable for this
method of grafting.
Graft copolymers from poly(arylene ether sulfone) were synthesized to
further explore the possibilities and limitations of the Barton ester-initiated
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grafting. Factors such as Barton ester concentration, degree of substitution,
and graft monomer were explored. Graft length depended on all of these
factors. Chain transfer to Barton ester is the main reaction affecting graft
length. Chain transfer depends upon monomer type, and increases in the
amount o f chain transfer agent limits molecular weight. Chain transfer
intramolecularly to Barton ester groups on the same polymer backbone
increases chain transfer reactions so graft length is lower on molecules with
higher degrees of substitution.
Carboxymethyl and hydroxypropyl cellulose derivatives were modified
to polymeric Barton esters or carbonates. Formation o f Barton esters from
carboxymethyl cellulose was achieved utilizing mixed anhydride
intermediates. Subsequent decomposition of the Barton esters led to
significant mass increase, but chain cleavage reactions reduced copolymer
molecular w eight Hydroxypropyl cellulose was modified to give Barton
carbonate derivatives. The decomposition of the Barton carbonates provided
macroradicals which initiated the grafting of both styrene and acrylamide.
Large mass increases were accompanied by increases in molecular weight as
well.
Free radicals produced by Barton ester decomposition may be trapped
by the TEMPO free radical. The TEMPO adducts produced may initiate the
controlled radical grafting o f styrenes and acrylates. Nitroxide unimers were
formed on both poly(ary) ether sulfone) and hydroxypropyl cellulose.

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Synthesis of controlled radical graft copolymers of styrene from these
backbones was demonstrated.
7.2. Future Work
Basic applications and limitations of Barton esters as initiators of
polymerizations have been explored, but several factors remain. Other
hydroximes may be used in place o f the oxypyridinethione unit. Changes
there will affect absorbance wavelength and initiation rate. Kinetics of
polymerization was determined to be independent of initiator concentration,
but may be dependent upon monomer concentration. Chain transfer
constants for 4-vinylpyridine and other monomers remain undetermined.
Homopolymerizations initiated by Barton esters need further research.
Copolymerizations from many other systems could prove interesting.
Barton esters can be formed from many reactive functionalities so many
substrates could serve as backbones for grafting. Poly(vinyl alcohol), chitin,
and carboxylic acid-containing polyimide intermediates could all be
functionalized to give Barton ester derivatives, which can be used for grafting.
These graft copolymers formed could have unique properties suitable for a
wide range of specialty applications.
The monomers explored here for grafting were limited in number
compared with the large number of vinyl monomers available. Monomers
such as N-isopropylacrylamide could be used to form copolymers with
interesting gel properties. Styrenics and acrylates appear compatible with
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Barton esters and a large number of these monomers could be employed in
the synthesis of graft copolymers.
Simple experiments involving the use o f TEMPO unimers have
demonstrated the use o f nitroxide mediation in graft copolymerization. Use of
a second monomer would provide graft terpolymers. Products of the
controlled radical graft copolymerization may have unique properties justifying
the additional effort involved in their synthesis.
The graft copolymers formed have had limited analysis of their
properties. Cellulose and poly(aryl ether sulfone) copolymers could have
interesting and useful properties. Specifically poly(arylene ether sulfone)gra/?-poly(4-vinylpyridine) may serve as an improved membrane material, and
hydroxypropyl cellulose-graft-polyacrylamide-quatemized may sen/e where
other quaternary ammonium polymers are used. Applications for the graft
copolymers synthesized by this method are unexplored.
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